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ABSTRACT

A remote sensing technique is described which

" utilizes elastic scattering and rotational Raman scatter~ .
| ing of laser 1ight in the atmosphere to obtain soundings
of turbidity, transmissivity and density,

When irradiated by monochromatic light, both ﬁolecular
and particulate components of the atmosphere scatter light
at the incident frequency. In addition, the gaseous
component produces a temperatureﬂdependent pure rotational
. Raman spectrum which extends about 200 cm 1 above and-below
ghe ;ncident.frequency. it is shown ﬁhat particulate scat- -
tering, as well -as that from the minor atmOSpheric constit-
ﬁents, is negligibl} small in this interval, in comparison
- to that £rom N, and Oy. | |

A scheme 1s devised whereby, through selective weight-
Viﬂg‘of the rotationallaaman lines, the efféct;of atmospher=
ic temperaéureostructure may be eliminatéd.
| | fhe_clcse_spectfal proximity of the elastic and,Ramanr'
scatﬁered signals, combined with the fact that the Raman
- 'scattering is Quite week, produces special requirements

for the spectros00pic and light-gathering camponents of
- & rotational Raman lagexr radar system. Tnese require~
ments are lmvestigated, with a view toward the design of

xii



a practical system.

A computation of typical signal-to-noise ratios is
made, It is shown that ddytime signal-to-noise ratios.
gre'ater than 10 db are to be expected for observation
heights of 5 km and below, For nighttime work, 10 db
" signal~-to-noise ratios are achievable to altitudes as

high as 15 km.

xiii



Chapte.r I.
INTRODUCT ION

Several investigators have utilized optical probing to
obtain remote density and turbidity profiles of the atmos~
phere. Their studies depend om the fact that some' photons,
in passing through the atmesphere, undargo'elastic colli~
.sions with gas molécules-and particulates, and are thereby
scattered away from their original paths., Some of these
-‘phqtons are scattered toward the receiver and constitute
the observed return signal. All of thése studies have in.
commoh éhe\pfablem of sepaéaﬁing thé.returnmdue to colli~
sions with malecﬁles from.that due to.cotlisibns with
particuiates. Furthermore, since knowledge of the number
of photons retﬁrned in 8 given direction in an_atmOSpherg'
gontainiuggparticuiates does not uniquel}_détermine the |
amount of signal attenuation ar the amount of scattering,
. some assumpﬁiéns mﬁst be ﬁade iﬁ_this'respect. As a result
of the latter prohiem, most work_iﬂ this aﬁeé has focussed'
‘on strétospha%ic probing; where particﬁlate effects are
relatively small or confined to discrete layers, and where
signal attenuation is nearly constant with haiéh;.

Elterman (1966) assumed a molecular number density -

-



2
disfribution and confined hisfstudy to determining profiles
6f'attenuation due to particulates. He further assumed
that particulate attenuation was zero at 35 km, except when
that assumption led to negative partitle.attenuation values
at lower altitudes, in which case the attenuatibn at 35 km
was adjusted to-thelsmallest value that would give values
greater than ztfo.&t all lower‘altitudes.. Since Elterman
‘ eﬁploYed a seérchlight system and determined his observa-
tion heights through triangulation, his observations for
- different heights were made at varying scattering angles,
and thus it was necessary for him to assume a phase-func-r
tion,tor directional distrtbutibn pattern, fqr the particle
scattering. Ha& he used a 1tser radar system and monitored
only backscatteted tadiaﬁibn; ic wtuld'not have béen nects-
: safy fof himlto concern himself with the details of a phase
-'function, but 1nstead o assume some relationship between
the number of photons scattered taward the receiver and the
total numbex scattered out of the beam.

Fiacco and Smullin (1963), Fiocco and Grams {1964),
'Clemesha et, al (1966), Collis and Ligda {1966) , Kent,
et, al (1967) Schuster (1970} and others h&ve directed
'their analyses toward finding discrete ‘BeYosol layera in

 the stratosphere. In each of these studiea, the observed



. , 3
stratospheric profile is fitted to a model of the expected

profile for a molecular a;m65phere, and the small regions
of deviation are ascriﬁed to the presence of aeroscl lay-
ers, .

Kent, ét.al; (1971), on the other hand, fit their
soﬁndings to a standard atmosphere Qt the 30 km 1e§e1, ang
assume that all deviations above that level are due to
density vériations, particuiate_scatteriﬁg being assumed
as négligiblé; | _ |

Barrett ﬁnd Ben~Dov (1967) obtained soundings ex-
tending to less than 1 km, and assumed in some cases that
attenu#tion was negligible,landAin 6thers that the ratio of
the partiéle‘béckscatter cross section to the ‘attenuation
.cross section was a known constant, obtained from a model.
Furﬁhermbre, they assumed a molecular number density pro-
file. | |

With recent advances in laéef.technology and in the
production of photomultipliers and opticallfilte:s, it has
become pcssib?e to exaﬁine the Specéral composition of the 
light returned inia laser radar syste@,'énd thereby to ob~
tain additional information needed to dispense with some of
the.855umptions.diécussed above,

The high monochromaticity of the laser source, used in



_ 4
conjunctiongwith an optical filter with a sharp frequendy

response, enables the investigator to monitor regions of
the spectrum extremely close to the frequency_of the
tfansmitted light, with minimal interference from that
light. The high photon densities obﬁaiﬁable through use of
lasers,_together-with the high quantum efficiencies affor-
~ ded by modern photomultiplier tubes, allow the observation
of secondary scattering phenomena that were hitherto un~
oﬁservable outside of the labo:atory. This secomdary, or
Raman scattering, comes about as a result of the exchange
of energy:between the incident photons and the maﬁter comm— ,
posing the atmosphere, and appears as light scattered at
frequencies different. from that of the incident light
(Herzberg, 1939). The character of this exchange is
| ﬁniquely dependent upon the molecular characteristics bf
. the particulér substance and, as such, can'ﬁe used as a
meéps of detecting the,preSence:of that substan;e.l

Leonard (1967) was the first to demonstrate that.
Raman scattering could be employed for atmospheric obser-
vations when he monitored returns from atmospheric nitrogen
and oxygen. fhese returns were the result of vibraticn#l
quantum transitions (vibrationél Raméﬂ-scattering), énd

| représented frequency shifts'of 2328‘cmf1_and 1551 cm"l



dqe to N, and o, respectively;

Nicrogen and oxygen also produce a rich spectrum of
scattering frequencies due to rotational quantum transi-
tions (rotationél Raﬁan scattering). These frequencies lie

-1 to 200 en~? to

in a regloun extending from about 10 cm
either side of the'incident-frequency. Salzman, et.al.
'(1971) are presently attempting to exploit the strong
'temperature sensitivity of the lines in the vicinity of
200 cmf1 to 6bta;n remote temperature profilesy

Iﬁ 1iqu1&$ and sollids, where interﬁbleaulér forces
are greatet'than in gases, molecular rotation is 1nhibited
or absent entirely, In its place, hawevet;';here may exist
- molecular librations (in liquids) or laﬁtice vibrations
- (in soli&s) which aect to produce'scattérihg in tﬁe same
range of frequencies as molecular rotation. |

If it can be shown that the off-frequency component of
light scattered by liquid and solid constituents of the
atmosphere is nEgligiblj small compared to that scattered -
by the gaseous coméonents, and‘if-a rélatinnship can be
‘found between the'inﬁensity of'off—frequency scattering
and molecular number deﬁsity, then we should be able to

remove at least part of the arbitrariness which now exists

in the‘interprétation of density and turbidity profiles.



Schotland (1969) discussed this possibility in general
terms, ‘ |

It will be shown here that the off-frequency component
of light scattered by liquid and solid constituents of the
atmosphere is, indeed, negligible compared to that from
gaseous cﬁmponents. It wi11 be .shown that, through,
selective weighting of the received off—frequéncy compo-
nents, a relationship may be established between these
components and molecular number denéity. An investigatiOn
is conducted into the feasibility of'devéloping a practical
laser radar Syétem which employs these'principles to oﬁcain

 density and turbidity profiles.



Chapter I1I.
METHOD

List of Symbols

System constant for elastic channel (W-cm).

:System constant for Raman channel (W-cm).

Molecular number density of air (ecm 3).

. Power received in elastic channel (W).

Power -vreceived in.Raman channel (W).
Atmospheric transmissidn ~ molecular component.

Atmospheric transmission at frequency of elastic
scattering - molecular component.

‘Atmospheric transmission at frequency of Raman

scattering = molecular component.

' Atmospheric transmission - particulate component.

Atmospheric transmission at frequency of elastic
scattering - particulate component.

AtmosPheric transmission at frequency of Raman
scattering -~ particulate component.

Height (em).

Molecular absorption coefficient (cmfl).
Attenuation coefficient - molecular componeﬁt (cmfl).

_Attenuation coefficientn—particulate component (cmfi).

Particulate elastic backscatter coefficient of air

'(cm -1y,
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a 43

\Ramah backscatter ¢ross section of air {cm

Part}culate Raman backscatter coefficient of air

Mol cular elastic backscatter cross section of air
3-ster

2

-sterﬂl}

Atmosphérig turbidity.



A, General.

Consider a ﬁulsed,\mohostatic‘laser radar system, ﬁith
a receiver which simultéﬁeously monitors the frequency of
elastic séattEring (L.e., the transmitted frequency), V,»
aﬂd'é freéuencyka, at which rotational Raman scattering
occurs., As shown by Schotland (1969), the applicable

radar transfer equations are

yA
Fo = Ky -[a'en---‘" r?t;!'[ﬂjme?;e;] RS
and |

e = [ e T T Do)

ﬁlﬁermhn {1968) tabulated atmospheric attenuation
profiles for .the enﬁire visible-Spectral region, using a
large body bﬁ‘observed data, together with an attenuatiaﬁ
model. Some figures derived from his results are presentgd
in Table 1. The refetences to visibility are estimated
following the aiscussion_of meteorolégical visual range
given by Middleton (1951). Thée table shows that, for
visibiiities greater than about seven miles, the variation.
'_of_transmittan;e with-fféquency is generally below omne
percent per 100 cu”*. For the very turbid atmosphere in

Table l.c., thalvaxiation,is still less than two percent
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Table 1.

a. Variation with frequency of total one-way atmospheric transmission
between the surface and gelected altitudes (percent change per 100 cm“)
. for an atmosphere with attemation coefficlents equal to those given by
Flterman {1968). For this atmosphere, the horizontal visibility at the

. surface is approximately th miles.

Wa\felength' 0-1‘0" Duhs- 0-50"‘ 0!55" 0«60“ 0.65— 0.‘10““ 0-80"‘ 019@""
_ Interval ) o5 050 0.55 0.60 0.65 0.70 080 0.90 1.06

&

{xm) _ :
2 0.4% 0.4hL 0.1 - 0.09 0,30 0.08 0.07 0.07 0.09
5 0.33 0.24 0.8 0.5 0.6 0.1k 0.0 0.09 0.1
10 o7 o.3u 030 021 0.2 ‘0,18 0.13 0.12 0.13
20 0.5 OB 0.26 0.23 0.31 .26 0.6 0.5 0.15
©o 0.6t ©O.LO0 0.23 0.9 0.18 0.17 0.5

o.lh 034

b, Same as a.y but with mtemaxi*s attermation coefficients mltiplied hy
uniform factor of two (Surface visibility approximately 7.miles).

5 0.7 049 Q.38 030 6.33 0.33 0.3 0.3%9 0.5
10 1.09. 0.73 0.850 Ok 0.36..0.38 0.0 046 055
20 1.39 0.9% 0.55 057 0.5k “0.55 0.56 0.62 0.68

=  1E0 145 0.5 0.3 070 0.69 0.75 0.68 0.86

c. Same a8 a., but with Elterman's attemation coefficients miltiplied by
uniform factor of five (Surface visibility approxinately 2.8 miles).-

2  oB2 0.3 0.1 OL8 0.3 0.55 0.7 O .69 0,88
S 212 134 0.95 0.82 0.8% ©0.79 0.87 099 1 18
10 3.30 2.08 1.0 1.15 1.05. 1.01 136 1,19 1.43
20 h -57 2 u63 1 .58 1 051 1 .ll-S 1 -ha 1 053 1 oss 1 .65
® 5. 1.9 1,75 1.70

o 2.94 2.19. 2.00 1.93 1.87

PRI . —— . e e
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for waveleﬁgths longer than 0.60y, and less than three perur
cent per 100 cmfl for wavelehgths longer than 0.434. 1t is
evident that, given ﬁhe r&nge of altitudes and turbidities
in which one wishes to operate, a range of wavelengths can

be found for whichs
i 2 - ‘ P - 1 2
[Gjmeajpe ] = J me peajmr pr - [Jm 71)] ( 3)

We shall assume for the present, and show in Chapter

I1I.H.3, thai:
He K G (&)

‘That is, the off-frequency component of scattering due to
particulates 1s, at all altitudes, negligible in comparison

to that due to molecules.

B. Measurement of particulate backscatter.

By combining (1) through (4) -in such a manner as to.

eliminate (% @79)2 , wé obtain

novnn
&8 K F 6 _ . 3

the ratio Kf/Ke is a system constant obtained through . S
laboratory measurements. P, and P_ are the quantities’

" measured by thh laser radar system. The constant q&/ o.n



et
P
¥
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is determined in Chapter III.G. and is an invariant quanti-
ty for a given gas, as long as resonance scattering condi-,

tions do not exist.

Equation (5) is the expression which allows the de~

termination of one of the quantities of interest here,

Re! 67n, which represents the ratio of light backscattered
by particulates to that backscattered by molecules, and is
a measure of atmospheric turbidity.

There is no standard definition of turbidity. For

example, Elterman (1968) uses

T(z) = S—E | m ()
where
1 d | - ‘
-(3? a-ﬁ;ﬁﬂ | | (7)
and ' '
L &,
b =g ®

This definition includes absorbing properties of the con-

stituents as well as oblique‘s.cat'tering, while the quanti-
‘-ty.}?é/a‘rrn does not. A definition similar to that of

Elterman (1968) is that of Del_hry, et.al. (1965), who used .
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R P d ‘
T =1"‘1‘:“=3'E“ 1 Sz@z (9)
o m So@dz

The relationship between 6, and R, is simply

@ Bn'd‘ ' .
= 2 gn + « (10)
m - 3 G:.r r m

via Rayleigh's phase function for small scatterers
(Chandrasekhar, 1960). In fact, there are many spectral

regions accessible to laser radar for which

¢ 8% &, . .
m < A | (11)

making (10) even simpler. Unfortunately the relationship
betweeané and @p is not as §leér5 depending as it does
‘upon the particulate phase function and-absorption coef~
ficient, which are as highly variable as the size distrib-
: ution,'shape and éomposition of”the particlés suséended in
the atmosphere_(Deirméhdjian, 1§69). Thus, there can be no
simple conversion betwggn'the ratio, ﬁg/ o.n, to be meas-
. ured‘here,.and the various other definit£ons of turbidity.
| The primary requiremént for a definition of turbidity
to be useful from an operational standpoint is that the
quantity'qan be measured reproducihly at different times -

.“ahd.plaCeé,, The ratio ﬁ;/ O;n satisfies this requirement.



14

pl

C. Measurement of tropospheric transmission and particle

attenuation.

In equation (5) it was required only that we know the
ratios Kr/ké and'ﬁéfﬁ;. Suppose thaF we are able to obtain
K. and G; explicitly. Then; for each altitude z, using
(2) through (4), we may solve the off-frequency trénsfer

equation for the transmission:

1%
9,7, = [P” ] (12)

P Keem
Molecular numSer'denaity, n, is the cnlf unknown quantity
'.oh the fight side of (12).. At tropospheric altitudes, it-
may be espimatgd to a.fair dégree of accuracy from statis-
- tical informatién or from recent synoptic data., Thus,
using the off*frequéﬁcy transfer equation togétﬁer with an
estimate of thé_mo;ecular'number density aé a given height,
we can compute the transmission from the surface to that
haight, It should be noted that any evror in the estimate
of n results in an error in the'ﬂompuced transmission that
'is only half as great.
'In a spectral region where molecular absorption 1s
_negl-i.gible; an estimate of n implies an estimate of @m |
.;andfzg, aS'may-berascertained from équations (8)'apd (10).

ma
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Without any further assumptions then, we compute 3; from

equation (12) and, consequently, §_, using equation (7).

P’

D. Measurement of upper atmospheric number densitles,

- Several studies, such as those by Smith (1964),

Nee (1964) and that in tﬁe Handbook of]Physiqs and Space

Enviromments (1965) have shown that there exists neaxr a

height‘of 7 km, an "isopycnic level' in the atmesphere,
where density has a minimum variation in time and horizon~
tal space. Smith‘s (1964) study sh&ws, for instance, that
at Buffalo, N. Y., 99% of all density observations at 7 ka
lie within 23.6 percent of the annual mean {e.g., a-RMS )
deviation of +1.2 percent) for that statiom. This value is
typical of those giveﬁ by smith for other stations in |
temperate and polar regions. While no similar studies
could be found for tr0pic&1 regions, it is expected that
densities there could be even more closely estimatgd.from
Pcltmatology, sincé sharp air ma;s caﬁtrasts do ﬂéf exist
thefe.. ' | |
| Elterman (1968) shows that, at a waﬁelength of O.l4¢ ,
ﬁj ) decreases by only about 11% between 7 km and the
_‘top of the atmosphere. About 60% of this quantity, or 6.

. percent of the total decrease is due to aerosols.
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Writing (12) as
P, __ a5
o~ 2
ISR

we see thaf:,_ if ("\.fm‘:fp)z at 7 km is determined by the
method of Ehe previous section, using the annual mean value
of n for the location in question, then we may determine n
from_ 7 km to the 'top of the atmosphere to a fair degree of
accuracy, even if the contribution to "jp above that altitude
is neglected altogether. We can improve the accuracy of our
determination of n considerably by employing some model for
c:fp, such as an extrapolation of "jp(? k) according to
Elterman"s {1968) aerosol extinction profile. Elterman' 8
aerosol transmissfon factors far. 0;45,:; and 0.704 are
presented as fractioms of the aerosol' transmission factor

at 7 km in-'rabie 2.
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Table 2, Two~way aerosol transmission factors (0 - z)
relative td. the value at 7 km [‘jp('z)[ _‘:'fp(T !cm)] .
After Elterman (1968)_. '

o
"J‘p(z)/ J,(7 )

z () Y (2)/ 7T (7 )
0.454) (0.704)
7 1,000 1.000
8" 0.992 0.994
9  0.984 0.990
10 0.978 0.984
i1 - 0.970 0.978
12 0.965 10,974
13 0,957 0,969
.16 0.951 0.965
. 15 0,946 0.959
16 0.940 . 0.955
17 0.934 0.951
18 - 0.929 0,947
'_;ig . 0.925 0,944
'zo 0,921 0,940
21 0.918 0,938
22 0,916  0.938
23 . 0.916 0,936
24 0.936

0.914
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Chapter IIIX.

CHARACTER OF THE ROTATIONAL RAMAN SPECTRUM OF AIR

List of Symbols

Cross séctional area of sample cell (cmz).
Avogadro's number (mole 1),

Radial distance of atom from mdlecular axis of sym-
metry (cm),

Molecular rotational constant at vibrational quantum
number, 1 (em~1),

Prohability cf ocucurvence of transitions between
quartum ctate j and j'.

Speed of light (em~sec™l).

Molecular rotaglonal constant at vibratlonal quantum
number, 1 (e ).

Diamgter of tubing (cm).

Partial pressure of Hy0 in the atmosphere (dyne-cm D),
Gravity (cm-sec™2). |

Statistical weight of rbtaﬁiOnal quantum state, j.

. Scale height (cm).

planck's constant (erg-sec).

Relative intensity of scattered light,

Relative intensity of parallel polarized component
of elastic scattering,

Relative intensity of perpendicular polarized
component of elastic scattering.
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Relative intensity of elastic scattering of both
polarizations,

Relative intensity of parallel polarized component
of Raman scattering (0~ and S~branches).

Relative intensity of perpendicular polarized

component of Raman scattering (O~ and S*branches),

Relative intensity of Raman scattering of both

polarizations (0O~ and S-branches).

Molecular  moment of inertia‘(gm-cm )e

Vibrational quantum number of initial state.

Rotational quantum number of initial state.
Rﬁtatidnal quaﬁtum number of final state.
Constant. | |
Boltzmann constant {erg=°K).
Horizonkdl-length.of tubing (cm);

Atomic mass (gm).

Refractive index.

Mass concentration of particulate matter in tha
atmosphere (gm-cm~ H.

-Particulate number<density‘(cﬁ“3);

Particulate number density at z = Ol(ém"3).

Average number of particles viewed by spectrometer
during integrating time interval. -

Molecular numher density (cm’B).

Number densitg of molecules in rotational quantum
state, j (em™~). :

o
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Number density of molecules with energy W (cm‘B).
..-2)

Atmospheric pressure (dyne-cm

Volume flow rate of air through spectrometer sample
cell (cm3~sec"1}.

Reynolds number.

Particle radius (cm).

Maximum radius considered in particulate aumber

density computation {cm).

Minimuz radius considered in particulate nunber

‘density computation (cm).

-Temperature (OK)

Maximum speedlof partlcle motion through sample
cell (cm~sec” ).

Mean speed of partlc%e motion through :spectrometer
sample cell (cm-sec ). »

Amount of energy in a rotational or vibrational

‘state of quantum number J (ergs).

Amount of energy in a rotational state of quantum
number j (ergs).

Amount of ener y in a vibrgtional state of guantum ‘
number i (ergs% '

Settling velocity of particles (cm-sec” 1).
Height (cm).
Mean molecular polarizabillty (cm3)e

Anisotropy of molecular polarizabtlity'(cmB).

: Dépolarization ratio,

Frequency of Raman line relative to frequency of
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‘elastic scattering (cmﬁl).

Spectrometer integrating time interval (sec).

Spectral slit width of the spectrometer systemf(cmfll

Dynamic viscosity of air (cm2=sec"1).

Molecular mass of matter composing particulates
(gm-mole™*).

Frequency (cmdl).

Mass density of air (gmﬂcmf3).

Mass density of particulate métter_(gmnémfa)a

Standard deviation of the mean,7{, as viewed by the
spectrometer.,

Rhman backscatter cross section, including O~ and S~
branches an% both Earallel and perpendicular polsri~=
zations (em“~ster™)

Rayleigh backscatter cross section, including Q-
branch Raman scatter and Both pa{allel and perpens
diculat polarizations (cm -ster"_) : ‘

&
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A. General,

In atteméting to explain the scattering préperties of &
mnleéule, it is helpful to consider it as an asymmetric ag-
- gregate of electrons which act to deflect passing photons.T
The asymmetry of the electronic aggregate is a rgsult of the
asymmetry of bonding forces and the nuclear mass distribution.

The mo;ecular'parametet usually used to represent this
physical picture is the molecular polarizability, a tensor. -
For rotatin% m&ieéulesuﬁhose'axes are randomly orieﬁted
with respect to the observer, it is convenient to refer to
the polarizability in terms of its statistical properties:

1, Mean polarizability,‘x - The portxon of the
polarizability_that'remains constant as the molecule ro-
Qtates; _ _ |

2. Mean polarizability.anisotrOPy,'Y ~ The portion of
the polarizability associated with molecular asymmetries. ;

The deflection (or~scatteriﬁg) of photons due to the
mean polarizability is thus independent of the shape of the
molecﬁle and is oftem known as Rayleigh scattering., We
shall peint out latex, hnwever,.that the common operatiomal
definition of Rafleigh scattering also includes some por—
tions of the scattering due to the polarizability anisoF |

“tropy. Scattering - due’ to the polarizability anisotropy
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depends upon the asymmetries in the distribution of elec-
trons., A molecule with perfect spherical symmetry has

¥ = 0. The intenéity cf rotational Raman scattering (that
is, the scattering associated with molecular rotation) thus
‘depends entirely upon the magnitude of Y.

- In the sections which fecllow, we shall first discuss
the characteristics of rotational Raman scéttering, and
then show more specifically how rotational Raman scattering
and Rayleigh scattering are interrelated.

The subject of rotational Raman spectra is one that is
often fraught with many complexities. We are indeed for-
tunate that the major éomponents of the earth's atmosphere
nitrogen and oxygen, exist overwhelmingly as hbmonuclear,
diatomic, electronically unexcited molecules., Simple
theoretical models of molecules such as these were among
the early results of the development of quantum theory
[}ee,.for instance, Placzek and“Téller (1933)]. Numerous
subsequent studies {e.g. Stoicheff (1959)] showed that
the simple models gave results that were compatible with
actual observations. |

In recent years, with the increasing availability of
sophisticated laser Raman spectrophotometers, second order‘

Raman pffects, not explained by the sxmple model. hava been
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observed [e.g. Abe and Shimanouchi (1969)] | . These ef-
fects constitute an extremely small fraction of the total
Raman energy and have been observable only in conjunction
with the rotational Raman lines that are very close tb the
exciting line. As we shall see latér, these first few
Raman lines are of only peripheral importance to our study,
and second order effects superimposed upon these lines are -
of no conéern to us.

ihe theoretical deveiopment,that follows will utilize
the simpie "dumbbell” model for diatomic molecules. An
extensive discussion of rotational Raman scattering in
general, and this model in particular, is given by

Herzberg (1939).

B. ' Population of molecular energy levels.

At any given temperature, molecules of gases take on
distributions of discrete rotétional, vibrational and
electronic states. Since Qe aré concerned here only with
neutral. gases and relatively low temperatures (200%k-320°K) ,
we shall cons'ider only the "ground" electronic state,
| .The number of molecules in any rotational or vibration=
al state depenﬁs upon the féllowing factors: _

1. Boltzmann factﬁr. If W(J) is thé amount‘of energy

o
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in a rotatiQnal or vibrational state of quantum number, J,
then aécording Eo the Boltzmann energy distribution law
(Herzberg, 1939), the number of molecules, an’ that have
a rotation&l or vibrational energy bétween W and W+dW 1is
proportional to e'W(J)/dew. We see that, as temperature
is increased, morelmolecules are found in higher eﬁergy
- states, rglative to the number found in lower states,

2. Degeneracy. Molecular motions are ''space quan-
tized." That is, only certain modes of mction are permit-
ted, witﬁ each mode having an equal likelihood of occur=~
rence. It can be shown (Herzberg, 1939) that 2J+1 times

b state

as many modes are permitted for a molecule in the gt
of vibration or rotation as in the zeroﬁh‘stdte.

3. _Statistical weight, gj. Due to the influence ofl-
nuclear spin within molecules upon the selection rules for
the occurrence of the various rotatiomal quantum states, a
-regular alternation in the relati@e nunber of molecules in
each state takeslplace (Herzberg, 1939). In.homonucléar,
diatomic molecules such as oxygen, in which the nuclei have
ne spin, the ratio of the number of molecules in even-
 numbered states to that in odd-numbered states.is O:1.

‘That is, even-numbered states are_comﬁletely'unpopulated¢ 

In the case of nitrogen, where nuclei have a spin, the
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ratio is 2:1. The even-numbered rotational states of ni=
trogen have twice the population of odd~numbered states.

Combining the above factors, we may state that the

h

ratio of the number of molecules in the it vibrational

h

state and jt rotational state, n, ., to the total number-

i,3

of molecules, n, is:-

4,3 Ezi + 1) e“WV/kT]{g. (25 + 1) e‘WR/kT:I |
= = e < (14)

ol i{EZi + 1) e-WV/kT}c[gj (2j + 1) e‘wR/kr:l} .

A;Je

The sum in the denominator of (14) represents summation

over all possible vibraticnal and rotational states.
Herzberg (1939) showed that we may write, to a good

approximation,

W = ‘ﬁc-[ni- Hi+1) -, 323 + 1,)2]' (15)

where Bi and D; are molecular rotational constants which
depend somewhat on the vibrational state, i, of the.molé-
cule. Since the discussion heré will concern itself only
with the pure rotational Raman‘Spectrum (i = O),'we shall

concern ourselves only with

WR = ﬁc [Bo (j+1) - Do jz(j + 1)2] (16)
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The magnitude of Wp is such that, at atmospheric tempera-
tures, rotational states in the range, 0<j<30, are sig-
nificantly populated. Values of Bo and Do for N, and 02
have been Eomputed from laboratory observations by
Stoicheff (1959) and are known to sufficient accuracy for
the present application. |
Concerning the character of W, we shall state only
thatlit 1s much larger than Wps SO that at atmospheric

temperatures, the ratio of the number of molecules in the

first to that in the zeroth vibrational'state is about
S 4

1,40x10" 7 for N, and 5.74x107° for 0y, as observed by

Herzberg (1939). That is, wirtually all atmospheric N,
and Oz-moleculé§ are in the zeroth vibrétional state.

Thus, (14) can be simplified to read

s (1) e WR/KT
n.= = ra—
J - - [I‘ﬂ:‘ .
*'\"[gj (23 + 1) e/ ]

frebe
i

0 (17)

§=s"

in the atmospheric range of temperatures.

L. Rotational Raman transitions.

The rotational Raman effect is the result of transi-

tions of the type,

i = § = 0, 2
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where j is the quantum fumber of the initial state and j'
that of the final state,

When the collision between a-phoﬁon and a gas mplécule.‘
is elastie, then a transition of the type, j' - j = O,
gecurs, The Raman-scattered radiation is thus at tﬁe same
frequency oo &he i--wzi.der.n: iight, The lines of Sda;tefed

energy (one for each j-valuc) regulting from this type of

transition are superimposed at the frequency of che inci-
dent 1ight.ﬂnd are known as the '"Q-branch'', They are some=
times described as that portion of the Rayleigh scattering
due to the anisotropy of the polarizability tensor.

When a collision is accompanied by a net transfer of

‘energy to the molecule, then a transition of the type,

3. o= w2
occurs, énd the Raman-scattered radiation is 1bwar in
frequency than the incident light. The lines in which
energy is scattered at frequencies lower than that of the
incident light are known as "Stokes! or “S-branch" lines,
For the case where there is a net loss of energy by ﬁhe

molecule, we have,

it = 3 = =2

and the Raman schttering occurs at frequencies higher than
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that of the incident light. Theéé lines are known as
"apti~-Stokes" or "O-branch' linpes.

The frequency separation between successive lines can
be closely determineé by considering the molecule as a
'rigid rotator'; that is, by assuming that the centers of
mass composing thé ﬁolecule remain fixed relative to each
other as the molecule rotates. When this assumption isl
made, the lines are found to be separated from the frequen-

cy of the incident light by an amount
AV = =B (5 o+ 3/2) | (18)

as shown by Herzberg (1939). For large values of j (large
rotation rates); the "rigid rotator" as§Umption becomes

less accurate, and a correctionvterm'must be ad&ed to (18)
'to account for the effect of centrifugal distortion. The

expression then usu&lly takes the form,
LAy = % [(430 - 6D _)(j + 3/2) - 8D, (J + 3!2)3]' (19)

- Neglect of'tha correction term in {19) results in less than

a one percent error im 4V at j=30, for both nitrogen and

OXygert,

h

The intensity of thﬁ-jt rotational Raman line is shown

by Heriberg (1939) to be propo:tLOnal to the Boltzmann face~ .
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tor and the statistical weight of the initial level,

gj e—WR(j)fkT

and the degeneracy of the lower of the two levels,

(25 + 1) or (23" + 1)
Stokes , anti-Stokes

as well as the transition probability, b%, , and the square

of the anisotropy of the molecular polarizability, 52.

That is,
: pd oW () /KT .
Ij“ . :(23+1) g3 %a e_WR(j)m_n 2 (20) -
21 + 1) g. bi, e ]
o%‘:s%[(j %5 73!
Stokes
and
W, (3) /KT
(23" +1) g, b, e Wp(3) /K
I, . 13 % (1)

Q’Q,S Iy

n - ) L

S°S (23t + 1) g, bl &R

, 33 ‘
o anti-Stokes

‘Transitiom probabilities, bg. ,» have been derived by

Placzek and Tellér (1933). The expressions corresponding

to pure rotational Raman scattering are:
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I 3021+ 2)
bir = 2027 F D25+ ) - (22

(S~ and O-branches)

and
Wi i(i+1)
ST crsven) BN
{Q-branch)

Values of § for many substances have been determined
in the laboratory, prizriarily through measurements of de-
polarization ratios. Such measurements were made by
Bridge and Buckinghém (1966) for N2 and 0ye Their results
were checked by this author through compaxison of their
figures with measurements of the roéational Raman spectrum
of air made by Miller, et.al. (1968). I the ratio of
| molecu}_.ai- number densit:ies; of N2 and ':)2 is known, then.the
rétio ¥ 21'42/ ¥ 202 can be extracted from the observed spec-
- trum of air th.ro'ugh comparison of ‘the intensity of Nz
_ lines relativel to the Gz‘line.s. This was done', and the
ratio & Z'NZ / ;’20 , so determined, differed from that ob-

tained by Bridge and Buckingham by only a fraction of a
percent. | o
| If we neglegt, for the time beiﬁg, the yé dependence

" inherent in all the intensities (Goody, 1964), then s-ever"
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al staﬁements may be made about the distribution of energy
scattered in the pure rotational Raman spectrum:

1. At atmospheric temperatures, where vibrational
transitions are insignificant, the total energy scattered
" in the 0=, Q~ and Sébranches ramains constant with changes
in temperature. This may be verified by computing };;Ij
for the O~, Q= and Sebfanches, using Equations (20) through
@3.

2. In a liké'mannér,'we find that the'fraction'of the
energy scattered in the Q-branch remains constant at one
fourth of the total. Thus, the total energy scatteled in
the O- and S~branches must be independent of temperature,
When temperatqré.is~increased, scattered energy shifts from
~ lower to.higher j~values,‘and from the S~brancﬁ to the O=-
branch. ' |

3. The S~branch is always more intense than the 0-
branch, since scattefing intensity is proportional to the
npumber of molecules in thé {nitial state, and there are él»
ways more mbleculés in the lower-lying qauantum states than
in thﬂ-higher onés (See Section III.B.1.). From computa~
tions to be made later in this chapter, we shall see that
~ for ailr, the aﬁerage S/0 intensity ranges from about 1,50:1

at 200°K to 1.39:1 at 300°K.
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D. Raman scattering in relation to Rayleigh scattering.

Having determined the intensities of the various rota-
‘tional Raman lines relative to each other, we wish to ex~
amine the rotational Raman_scatﬁering in relation to
Rayleigh scattering:. This relationship is best approached
from a classical point of view, although it must always be
recognized that classical mechanics does not fully explain
the Raman scattering phenomenon. The c¢lassical derivation,
 for instance, predicts a continuum of scattered energy,
rather than a series of discrete lines, Furthermore, it
predicts that the O~ and S-branches will contain equal
amounts of energy. Nevertheless, this ;echnique does pre-
dict the‘total energy in the d- and S~branches relative to.
that found in the Q;branch, and that found in the portion
of the.Rayleigh line due to the isotropic part'uf'the
polarizability tensor,

Stuart (1934) performed the . computations in detatil,
Fd? 90~degree scat;eriﬁg, in the plane pefpendicular to
the plane ofVQScillation of the electric vector of thé in-
cident field, ﬁhe relative intensities, per unit solid

angle, are:



34

T, [o(z + 3’2/451 | (26a)
I, o< Exz +_73’2/18(£] (24)
. el
I o¢ ¥%/60 | | (24b)
ol ] _ . |
I. o ¥%/15 | {(25a)
B+s” | \
? I, < 7¥%/60 (25)
0+5 | -
R : i+d o
I o< ¥%/20 - (25b) .
6+S~L |

It can be shown that the same results hold for 180-degree
scattering in that plane., For g‘dirECtion making an angle,

8, with the parallel direction, the intensity is simply

© glven by,

I, = I 2

e Il e

cosze + Il_sin

" as is showﬂ.by'Chandrasekhar (1960). We thus'have.a com=
plete picture of the rélative intensity and angular depend-
ence of votational Raman and Rayleigh séatteringn This is
shown'pi¢toria11y‘in Figure 1, |

‘Since we know the distribution of energy within'the-oé
- and S-branches from earlier calbuiétioms,-we-are_now:in a -

‘posiﬁion'to compute the intensity of any individual rota- .
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Figure 1, Angular dependence of rotational Raman
Ravleigh scattering.

——~ Elastic Scattering
~— =" Inelastic Scattering
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tional Raman line relative to that of the Rayleigh line, for
any scattering angle, |

Fur;her, we may compute the total scatter cross séction
_ for any line (that is, the cross section integrated over

all solid angles).

E. Rotational constants and computations for nitropgen,

Stoicheff (1959) computed the rotational constants for
N, from observations of rotational Raman line spacing. His '’

values are:

i
Bo

i

1.9897 = 0.0003 cm

D_ = (6.1 % 0.5) x 107% emt

He pdints out that these values are in excellent agreement
with values computed from the electronic spectrum by
- Wilkinson (1957), namely

B = 1,9898 # 0,0005 cm *

o

D, = 6.4 x 1070 gmfl

Stoicheff's values are used in the present calculations,

Relative line locations and intensities within the 0~, Q=

and S~br;nches of the nitrogen spectrum computed using

éqﬁations (19) through (23) are presented in Figure 2,
The relative intensities calculatéd here are compared

td those observed by Miller, et.al. {1968) in Figure 3.
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Miller, et.al., in their observations, made no attempt tO
determine the gas temperature. Thus, in order to compare
the present computatibns with their obsérvations, it was
first necessary Co estimate the temperature at which the
measurements were made., To accomplish this, line inten=-
sities were computed at a number of temperatures, and the
results for each line plotted against observed values ex-
tracted from chart records given by Miller, et.al. For
incorrect temperatures, the fesult was a graph similar to
Figure 3, but with the points representing high- and low-
numbered lines scattered to opposite sides of the best fit .
straight line. The temperature value inserted into the
computations was adjusted until the selective scatter of
 points was minimized. The final result, shown in Figure 3,
is a series of points falling close to a straightliine
distribution. A stfaight line relationship between the two
sets of intensities shows that thé observed and computed
-intensitieé differ from each other by a constant factor

(that is, the shape of the two distributions is the same) .

F. Rotational constants and computations for oxygen.

Table 3 gives'rétational Raman line spacings observed

in Q

5 by Stoicheff (1959). Through use of the graphical



Table 3. Rotational line spacings in 0, determined by

Stoicheff (1959).

i AV (en™h)
1 14,31
3 25,85
5 37.37
7 48,84
9 ' 60.33
11 '~ 71.80
i3 83,26
is5 84,72
17 106.16
19 117.57
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technique described by him, the applicable rotational
constants were determined by this author. They are:

B = 1.439 cm !

D, = 4.05 x 107® cu™
Foxr purposes of'coméarison, B0 was also calculat?d using
independently computed constants: the radial distance of
the oxygen atoms from the molecular axis of symmetry,

a = 6,037 x 1079 em
which is gi%én-bf‘wackék, et.al, (1964), and the maés of an
oxygen atom,

M = 2,656 x 10743 g

This allows us to compute the molecular moment of inertia,
T = a2 = 1.936 x 1077 gn cn® - (26)

From classical mechanics, we have the expression for the
rotational constant,
B

T ——— (2N
e amrzcﬂi

Inserting our computed value of ;t; we obtain

. ' -1
BO = 1,445 cm

which—differs fryom the value computed from Stoicheff's

(1959) data By_abou; 0.4 percent,
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The values Qf B, andlno computed from Stoicheff's
data are used here. Relativé line intensities computed
using (19) through (23) and line locations .within the O-,
Q- and S-brancheé of the oxygen spectrum are presented in
Figure 4., The relative intensities éalculated'here are i
compared to those observed by Miller, et.al. (1968) in
Figure 5, A detailed explanation as to how this comparison
ﬁas carried out is given in the previous section, in the_

discussion of Figure 3,

G.___The rotational Raman backscatter cross section of

aix (N and 021_
Through use of the expression derived by Chandrasekhar

(1960) for the Rayleigh backscatter cross section, together
with the results of Stuart (1934) described in Chapter
'III.C;:for the ratio of Raman to Rayleigh intensities, we
détermine that the rotational Raman backscatter cross sec-
tion of air is given by | |

' ¢

6 pam(ALr) ( [ ¥ (Air)] | (28)

H+L
o+S

The effective polarizability anisotropy of air, squared,
52{A1r), is merely an average of squares of the aniso~

tropies for'Né-and 02,-weighted_by nunber density:
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(¥%0,) oy’
¥%a,)  noy)
n{N

(29)

¥ 2(atr) = ¥ 2(n,)

)
z
n(02)

2 aud

The number density ratio in the atmusphere is consid-

ered in the U, S. Standard Atmoéphere, 1962 to be constant

with height between the surface and 90 km, The number

density ratio is given as

_n(Hz) : 78.084

= 3.728 (0£ 24 90 km)
20,946 ‘

n(OZ)
Values for the polarizability anisotropies im N, and
0, were obtainéd by Bridge and Buckingham (1966) £rom
measurements of depolarization ratios. Their values, which |
were obtained from measurements made at 6328 K, are
F(N,) = 0.694°
¥, = 1.098
These figures give a ratio,
¥y

= 0.401
Y20,

The Landolt~BSrnstein Tables'(1951), citing observations

made in 1928, give values of
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which result in the ratio,
2
¥ 2Ny

—2- = 0.665
¥ %0,

Ory and Yura (1965) computed ¥ for N, from theoreéical
considerations and obtained a value of 1,02 23;

There are obviously corisiderable differences among the
various determinations of pelarizability anisotropiles.
Although the deteimination of quantitative turbidity sound~-
ings‘deéends upon knowledge of the absolute values of these‘
anisotropies, the design consideratfons which follow depend ,
only upon the ratio B’z(Nz)lgz(Oz)»

‘Miiler,’et.alo (1968) observed the composite rotational
Raman spectrum of air directly. Through the use of the
'relative strengtﬁs of NZ and Ozulines in their results, to-
| gether:witﬂ thé precisely known ratio, n(Nz)/n(Oz), the
) ratio ¥ Z.(NZ)IYZ(OZ) was computed here for comparison with
_the above figures. | |

The'observations by Milier, et.al, (1968) were found to
agree closely thh those of Bridge and Buckingham {1.966)

(See Appendix 1. ), and thus their figures are used in the

1
]
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present study. We therefore find that

¥ %air) = 1.317 B’Z(NZ)

and, for Bridge and Buckingham's value of B’(Nz),

[s}
Y %(air) = 0.627 A°

This gives the rotational Raman backscatter cross section
of air as

G’R (Air) = 4,91 x 10-30 ‘cm2'~ster“1 (A= 69438)

am
i+l
o+s

At 30001{, the distribution of scattering between the S~ and

O-branches is ia the ratio 1.39:1, or . .
_ ~30 2 -1
G‘Ram(Ai.r) = 2,85 % 10 cm =ster
ﬁ;L,
and
G"Ram(&ir) = 2,06 x 10f30"c:m2”ster“1.
it ‘

Figure 6 shows the composite rotational Raman spectrum of

air.

ﬁ, The Rayleigh backscatter cross sectj.‘on‘ of air (Nz
and 0,).

The Rayleigh backscatter cross section of air has béen
| variously defined to incluc‘le‘all of the rotational Raman
lines, to include some of the rotational Raman lines, to

include only scattered radiation polarized parallel to the
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incident light, oxr to include both parallel and perpen-
Adicularly polarized radiation.

Each of the above definitions has merit and has enjoyed
some popularity in the literature, and it is of course
necessary to keep these various defiﬁitions in mind when
comparing the results of different investigators. The
definition of the Rayleigh backscatter cross section to be
used here includes only light returned at the wavelength
of the incident light, without régard to polarization, As
Such, through use of the expression derived by Chandrasek=-
har (1960) together with the results of Stuart (1934), we

find the Rayleigh backscatter cross section to be

. . |
G pay (A1T) =(%—?;) [qz(Air) + -_{%axz(mf)](so)
W1 ' : ' , |

In a manner analogous to that of the previous section, we

obtain

- 2 ‘ ™
4 (02) n(Nz)
2, . t

PN (N2) n(Oz)

X air) = O(Z(NZ) — (31) -
n(l,)
n(OZ)

base ) -

The poléiizability of air may be determined from

measurements of the refractive index and total molecular
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mumber density by means of the Lorentz - Lorenz formula

(Born and Wolf, 1959),

2
X = 2 s (32)
- 4r'n m- + 2

Elterman (1968), using an expression determined by

Edlen (1953), gives the refractive index‘of air at 6943 &,

for standard temperatﬁre'aﬁd pressure (1013 mb and 15°C) as
| m = 1,00027584

The U. S. Standard Atmosphere, 1962 gives the number densi-

.ty at that temperature and pfeséure as

-n = 2.54?1 X 1019 cm"3
Thus, we obtain?

o 2(air) = 2.97 &°
from considerations of refractive index;

The Landolt BSrnstein Tables (1951) give

)
XN,y = 1.76 &>
N 03
c&(Oz) = 1,60 A
from spectroscopic measurements., These figures result in
o %(atr) = 2,99 A°
Stansbury; Crawford and Welsh (1953) computed Ci(Nz)
and CK(OZ) using refractive indices given in the Intex=

o .
national Critical Tables for 4358 A. They give
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OJ
X, = 1.79 A

% (0,) = 1.63 IS
or
®2(air) = 3,10 A0
Ory and Yura (1965) derive.d ¢ (Nz) from molecular orbital
considerations. Their theoretical approach yielded

03
O((Nz) = 1,41 A

Kolker and Karplus (1963), who also eémployed a theoretical
approach, found that -

()
R(N,) = 2.40 A>

In tﬁis study, we adopt a value for-CKz(Air).intarmediate
between that computéd from-refractive.index considerations
(2,97 Kﬁ) and that computed from spectroscopic data
(2.99 26), or

| AZatr) = 2.98.8°
It is felt'thatrthis value is representative of our present
knowledge of ®X2(Alr). |

Usiﬁg this value of C&z(Air),'together with the value’

of Xz(A:Lr) found in the previous section, we obtfain

28

J : o ~ - 2 "'1
%ay{hxr) = 2,01 x 10 cm” ~ster

i+
0
for a wavelength of 6943 A, This value is 40.9 times as



52
large as the Raman backscattey eross section of air,

1. Off-frequency components of scattering from minor

cdnstituents of the atmosphere,

1. Gases,

a, Permanent constituents.

Iable 4 shows the relative abundance of gaseous atmose
pheric constituents with molecular number densities great-
er than 1079 of the total. The monatomic gases, A, Ne, He
land Kr, by virtue of their inherent molecular symmetry, have
no rotational Réman Spectrum (Herzberg, 1945).‘ Methane,
CH4,lwhile not monatomic, also Eas no rctational Raman
spectrun, since-it,%s a “spherical EOp" molecule, and
therefore has no polarizability anisotropy (Herzberg, 1945).

Thus, tﬁe only permanént gaseous atﬁospheric constitﬁw
ent other thaﬁ N, and 0, which could produce rotational
Raman 1ine§ is.sz, a2 linear triatémic molecule which is
~ highly anisotrépic. Bridge.and Buckingham (1966) give the
polarizability anisotroPy of €O, as 2.10 23. |

We may write the ratio of the intensity ;f Raman scat~

~ tering from co, to that from NZ and Oz‘as

1(00,) ~  n(co,) ¥ %(co,)

18,#0,)  n) ¥, + 0(0,)¥ 20,

i33)



Table 4. Relative abundance of permanent gaseous
constituents of the atmosphere with molecular
number densities greater than 10"-'6 of the total.

(After Goody, 1964)

Mélecule Fraction of Total
Number Density
N2 7.8084 x 107
o, T 2.0946 x 107
A . | 9.3 x 1073
co, 3.3 x107%
Ne = 1,818 x 107
He : 5.2 = 1078
cH, 1,6 x 107°
ke 1,14 x 1070
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When we insert the approipriate' anisotropies and number.
densities into (33), we arrive at an intensity ratio of
0.23 %. Ti‘ms, for the purposes of this study, we may neg~
lect the e'ffect of rétational Raman scattgring from CG?.’
as well as that from the other permanent conétituents of

air other than Nz and 029

b, Water vapor.

(1) Rotational Raman backscatter cross section,

H)0 is a planar asy:mnetric top molecule and,
as such, has a very complex rotatiocnal Raman spectrum
(Harzberg, 1945), We shall not concern ourselves here wz.th
individual spectral_lines, but only with the ratio of the
total water'vapor Raman cross section ﬁo that of air. How=-
ever, it shculci be noted here thét Eisenberg anci Kauzmann
(1969) staﬁe that, &t room tamperature, the rotation band
. is most intense near AV = 200 em” -1,

In Chapter III Foy we denm”mz_“ed the polar:.zability
anisotropy,. J , of air, and ncted that ‘rotational Raman
scatter cross‘ sections are proportional to XZ, independent
.~ of the nature of the spectral distributicn of the lines of
.molecul'ar geometyry. We thus limit our task i:o' finding ¥ 2

'f_or H,0, in order that we may c0mpé.re it to 32 for air.



| Dorsey (1940) gives o( as 1.59 A
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The optical propertiés of water vapor are not well
known, As a simplification, Dorsey (1940) assumed that

two of the axes of the polarizability ellipsoid are equal

"By employing this approximation, he was able to treat the

H20 mplecule as though it had an axis of symmetry (that‘is,'
that the polaringiiity'ellipsoid was an ellipsoid of
revolution). For sﬁch a molecule; the polarizability an-
isotropy is given by Stuart (1934) as

R | 454 ‘
h" = | (34)
6 - 7A |

23 ang Fabelinskii (1968)

gives A as '0.020. Thus, we find that |

KZ(H 0) = 0.39 A5

In Chapter IIL.G., it was shown that & 2(a1r) 1s 0.629 A°.

Then the ratio of the SquUATes of the polarizability aniso-

__tropies for H20 and for air is 0.62.

(2) Number demsity in the atmosphere.

In order ‘to place’limits on the water vapor number |
densities which might be encountered in the atmosphere, we

recognize that atmospheric water vapor centent decreases

much more rapidly with height than does the number density

of air. As such, we.expect to find the worst case at or
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near the surface, Consider a very moist atmosphére with
p = 1013 mb, T = 30°C and RH = 100%. Then, using the
table given by Hess (1959), we obtain

11(}[20) e 4,243 x 104 : -2
= - = > = 3,99 x 10 (35)
n(Air)  p 1,013 x 10

or 3.99 percent.

(3) ~ Raman scattering from water'vgﬁor relative to that
from air. |

| The ratio of scattered light intensity from HZO’ rela=

tive to that from air is given by

I(H.0 (1.0) ¥2(1.0)
At A );'_,:( 22 (36)
I{Alir) n{Air) & “{Air)

Using the results of Sections (1) and (2) above, we £ind
that '
I(H.0)

—de = 2,47 x 1072
I(Air)

. or 2,47 percent, under the pessimistic'circums;anses-

cited above.
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2. Lliquids.

a. General.

When a gaseous substance céndenses into liquid form,
intermolecular forces become much greater and, as a result,
molecular rotation is hindered or absent entirely.

Heréberg (1945) disdﬁsses the nature of Raman gscattering in
~liquids, He shbws that, instead of a series of limes, the
off~frequency component consists of ‘a continuum of energy
extend;ng to ?ithar.side of the undi%placed line, and de-
creasing monotonically with AVY. Supefimposed on_this

cont inuum may_be broad iines resulting from transitions s
betweén hiﬁderedrotational or translational stateé-and

| intermolgcular bending and stretching modes,

The oniy 1iquid present té any appréciable extent in

- the atmosphere‘is water, and the remainder of this dis=-

‘zussion will bé confined to this substance.

Raman sEgctrum of-iiquid water.
‘The Raman spectrum of quUld water has been studied by

-several investigators i:e ey Cross, et.ai, (193?)
Narayanaswamy (1948), Walrafen (1964 1967) and Senior and
Thompson (1965)3 1t is generally agreed that, in adn |

dition to the continuum mentioned in Part a. abave broad
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lines exist near AV = 60 cm'fl' and AY = 165 cm-l, as ﬁell
as at other frequencies outside out region of interest.
Unfortunately, none of the above studies deals with the
intensities of these lines relative to the elastic scat—‘
tering. The study by Walrafen (1964) shows that both lines
‘decrease in intensiﬁy by .about a factor of three as tempera-
ture is increased from 0°€ to 40°C. |

To place an upper limit on the Raman scatfer Cross secw
tion per molecule of liquid water, we recall that such
scattering is marely a hindered form of the scattering that
occurs in water vapox and, .as such must be lower in inten;

sity. Thué, we may write, a&s an upper limit, that

0, = O e (37

. Pawm Ramn
H,0 Liquid - Ho0 Vapor

Since we found previously that

am 9
HZO Vapor

03 = 0,62 0~ | ~(38)
we may write '

O Ram & o0.62 O (39) .
H,0 Liquid .



59

¢. Molecular number density of liquid water in the

atmosphere.

Typical clouds have water contents of the order of

16

3 x 10:77 gmfcmTS, or about 1 x 10 -moleculeSfcmea} Alr

density ranges from about 2.5 x 1019 molecules at the sur-

18 3

face to 8.6 x 10"° molecules~cm - at 10 km. Thus, a con=

servative upper limit for the ratio of liquid water mole=

4 at the surface

cules to air molecules ranges from & X 10~
to 1.2 x 10-° at lo.km; Above.lé‘km, water clouds should
ﬁe'of no significancé.

3 Thus, for a relatively-dense cloud at 10 km, ﬁnder .

these‘pessimistic assumptions, the scattered intensity

ratio would be

G"&m . n v
Yo1oud ~ 'ﬁzo Liqui:d ., HpO Liquid
nf{Air)

{40)
xAtr . G}

= (0.62)(1.2 x 107%) . = 0.074 %

3, - Solids,

a, Genaral.

When a substance assumes a solid state, molecules are
bound tightly together into.a'relativaly fixed lattice.

Mpleéular rotation is not possible, but low frequency late
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| tice vibrétions 6ccur'which cause off-frequency scattering
components in the same region as rotational Raman scatterf )
ing. For a given substance, the character (frequency and

_ intensit?) of the lattice vibrations and, therefore, of the :
scattering; vary.with 1att1ce defects and impurities. As
- in the'case_of liquids, theée lines are generally quite
broad. Mitra (1969) presents an extensivg'discﬁssinn-of

Raman scattering in solids,

b, Particulates in the atmosphere. mLQ;;i;g‘} | ]
| Consider a highly turbid urban atmosphere in:which the
particle nnmber density distribution varies_with height
accdgding to .. |

. | 2
_ N’(pa:tiqles?cmTB) = No ;Tﬁ‘ {41}

._Where‘ﬂo, the particle number density near the surface, is

about 5'3’105 particlesﬁcm73

and the scale height, H, is
- 1,67 km,- This is similar to several distributions shown by
 Jungé (1963). We also assume that the size distribution is

©of the form,

Eo - w™ T @
d log ¥ N : )

which is given by_Jﬁnge (1963). In alternative form, this
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may be written as

| -4 -

dN  _ 3Nr

d . T =3 r -3 : | “s
¥ - Tnin. max

If we assmne_that_t:he particles are spherical, then the

number of molecules'per increment of radius is

& pr 3 O as
d =Tx dN
b z_"Part - 3 parct (44)

dr M dr- g

Combining (43) and (44) and integrati:r;g, we obtain the num=
_ber of molecules found in i:ari:iculates, in'_ the finite inter-}

- val of radif, ¥, {r £ .

o ) : Aw?}?art an - , rmax ‘
-y = e - ~ In {45)
art M(r 3 - T "'3) e
. TV min . Tmax’ . Tmin
let Trin 10 ) cm and ax .0 Cemy, M= 100 g__m-:mole
1-3 . T
and me,tm 1 gm-cm . _Then,“

Mpge = 3.5 %107 N

At 2 = 0, where N =3 x 105 particles-ycm"g',

11 3

Npare = 1,73 % 10" molecules~cm -

The mass loading associated with.a particulate distribu-
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tion of this sort is

‘ A*“Part -3 :
Bparpe = ———— = 28.8 wg-m (46)

a

- The distributioﬁrof'mass ldading with particle radius in- |
terval is shown in Figure 7. These quantities are of the
same magnitudes as those found in urban areas.

. Distribution of particulate concentration with radius
interval is shown in Figure 8. -Particﬁlate coﬁcentrations
computed in”'lthi-s -zﬁanne; for the regi.on r>»0.3.u4 wil}; be
‘shown in Chapter III.H.3.c.(2)(a) to agree &ith observed
concentrations. | o

The molecular number density of air at z =0 is typi-

cally 2.5 x 1019

moleculesfcm73, as was mentioned eexlier.
Thus, for offefreqﬁéncy scattering from particulates to be
even one percent of that from air molecules, the scatter
cross section per molecule would have tﬁ be 1.5 x 10° times
the rotatiomal.Ramapn cross sectiqn of air, Were this the
case, Raman scattering from large.crystals'wouid be an
'easily oﬁéervable phencmenoﬁ, which it is npt; Mitra
| (1969), in fact,-st;tes that Raman scattering from crystals
15 a second order process. |

By virtue of the molecular number densities involved

-and the‘fact that Raman scattering from crystgls is a
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‘second order process, we expect to be justified in assuming
that the offffrequenéy component of scattering from atmos-
pheric particulates is negligible in comparison to that

. from air, In the next sectioni, an experiment will be de-

scribed which shows that this is indeed the case.

e, Vefification in the laboratory that the contribution of

off-frequency particulate scatter to the Raman spectrum of

" air is insignificant compared to that of molecular scatter.

(1) Design of the experiment,

We wish to duplicate in the laboratory, using a Cary*
Model 82 Raman Spéctroghntameter, the ratio of off-frequen=
cy.pafticulate to molecular scattering observed in the at- _
mosphere. by a laser radar system. According to Haber (1972),
the sample volume of the Model 82 may be considered as a

cube, 504 on a side (%4.e., a volume of 1.25 x 1077

cm3),
If we assume that & typical urban atmosphere may contain as
_ lictle as 10% particles per cubic centimeter, then, at any
given timg, theré‘will be an average of only 0.00125 par~
ticles in the sample voleme, Thus, we cénnot rely on spa~

'tial‘averagingrof particle number density to give us a

*Cary Instruments, 2724_3. Peck Rd°, Monrovia, CA‘91016.



66

.statistically significant result. We must instead rely
upon time averaging as & means of obtaining statistical
~ stabilicy.

Suppose that particles are forced through the bottbm
boundary of the sample volume with velodity v. Then the
average rate at which pafticles pass through that boundary

is

921 = NAV ) : - (4?)
dt :
where N is the average particulate number density, and A
is the area of the bottom of the sample volume.

The average number of particles seen by the spectro-

photometer in the integrating time interval is

72 = % g - mFSe - (48)
' - dt
If we assume Poisson statistles, then the standard devia-

tion of this mumber is

s = 7t = e 6e)® | (49) .
and | | . | | | |
o - [wisd™ o

- The integrating Cime, St, is related to the spectfal slit
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widech, SV, by’

Se = 57 (51)

dy /dt

where d¥ /dt is the spectral scan rate of the instrument

(constant). Thus,

o’gﬁ} _ [aw fat ]')5 (52)
7 NAV &¥
ilet 4w =2 cm'-'l, d» /dt = 0.4 cm-’lésec'fl, and
A = 2.5 x 107 ca?. Then
gR) _ |8x 10“]& . | (53)
/A NV
or |
. . 4 o
G = 8 x -1:0 , (54) |
N o (7)1 7]
IfN= 10" pa.rticles-}-cm"3 , and |
| ﬂgﬂ_}_ = 0,1
72

Then

, v = 800 cm—secnl

If the sa.mple cell through which this flow takes place has
‘a cross sectional area of 0.5 cmz, as is the case for the
Cary Model 82 Raman Spectrophotometer, then the required

air flow rate is 24 liters-'-;min-i .
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Suppose that we wish to use ambient outside air as our
sample source, drawing it through the spectrophotometer by
means of a vacuum pump as shown in Figure 9. We desire to
‘ minimize‘impaction of particles on the walls of the tubing
leading to the spectrophotometer. We examine first the
range of tubirig diameters required if the flow tﬁrough the
tubing is to be laminar.

The flow rate through the'tube is‘related to the dia-

meter of the tube and flow velocity via
q = yrd’e (55)

We require that the Reynolds number for the flow be less
than the critical value above which the laminax flow reg-
ime gives way to turbulence. According to Haltiner and
Martin (1957), the Reynolds number is given by
v._ d
Re = wooomm | (56)

7

Combining our two requirements, we find that

v
4 = ——Q  max (57)
W”LR& v

For air at 4 pressure of one atmosphere, in the atmospheric
range of temperatures,

'2‘ = 0.14 cml-secT
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Sample Gompartment

Sample
Cell

e
o e e ]

]
.

- From

Vacuum Puénp Window

Figure 9. Arrangement of pumping system'for dfawing
particulate matter through spectrophotometer sample cell.,
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Haltiner and Martin give thé critical value of Re as 24,000.

If we make the conservative assumption that

v

T_ax o 2
v
then
4 - 7.6 x 107%
crit *

1f we take Q as 1000 cm313ec*1, considerably greater than

‘the minimum value determined above, we find that

B dc*ri_t: = 0,76 cn

While considerations of wall effects limit thé minimum;
tubing diameter, the maximum diameter is limited by the
cedimentation rdte of the particles; that is, if the velo-
city of the particles through the tube is too small, they
will sediment ouﬁ of the air stream before passing through
the'enﬁire;length of the tubé.

1f we assume that both the horizontal and vertical
compoﬁents of the_partiéle motion aré constant, we may
write

d = 2%, | (58)

as the minimum allowable diameter for a given tubing

lerigth, for a particle entering alomg the ceuter lime of
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the tube, If we assume that the particles are spheres and
that their terminal velecities are given by Stokes' Law

(Fleagle and Businger, 1963), then

2
2T
v = - ePart g , - (59)
S n eAir
The relationship,
o Q = kwvd? (60)

must be satisfied, as before. So,

(61)

~ Assuming walues for Q amd /7 as before, and § = 1074 °cm,

3 3

Cpip= 1.2 % 107 guwcm ™, €y, ;o= 2 guem and
g = 980 cmfsec725 we obtain
» 4.91 x tod
L

For a 35 foot (1067 cm) length of tubing, the maximum
"pérmisgiblg diameter is thus

d = 46 cﬁ
Sihce, for a éiven flow rate, gas velocity incréases as
_ lldz and fall path increases as d, then tubing of diameter
Qmallgr'than the value_giﬁen above should be satisfacﬁory

from the standpeoint of sedimentation.
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It thus appears that any tube size with

0.76 em £ d £ 46 cm

is compatible with our flow requirements. The only re-
maining consideration concerns the impaction of particles
due to bends in the-tubing. Some bends are necessary, but

.every attempt must be made to minimize their effect.

(2) Execution of the experiment,

The experimental arrangenment employed here consisted of
components essentially identical to those described above,
includiﬁg teflon tubing with a diameter of 1.9 cm.

. A schematic diagram of the area surroun;ing the

specﬁrbphotcmeter is shown in Figure 10.

(a) Particle counter.

" In order to ascertain the extent to which the tubing
affected the obServed particlé counts in the sample cell,
2 Bausch & Lomb* Model 40-1 Dust Counter was employed to

measure particle concentrations at both ends of the tubing.

' The instrument is capable of counting only pariticles with

radii greater than about 0.3a4. It was felt, however, that

if the tubing could.efficieﬁtly traﬁspbrt particles of this

' *Bausch & Lomb, Inc., Rochester, New York,



.. Doorways ~ Hallway

\

/ Tuﬁing
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. Figure 10. Scale diagi‘ram of area survounding the
‘spectrophotometer, showing the manner in which
outside air was drawn in.
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- size, it would also tranépoft émaller particles.

The counter utilized a small pump to divert a small
sample of ghe air flow through an optical particle counting
apparatus. In attempting'to use the counter, however, it
was found that the pump was not sufficiently powerful to
counteract thé preséure drop produced when the air was
| pulled through the tub;ng. This.pressure drop was found to
"amount to-aSOu;_BS mm Hg while, updﬁ further investigation,
\ iﬁ was found:thatlthe counter could not be operated at -

: pfessures differing by more than 0.22 mn Hg from the am=-

. bient pressure of the instrument.

' In order to circumﬁent~this-requirement;;the entire
instrument was eﬁclosed in an airtight plexiglas box which .
was maintained at the pressure of the air iﬁSi&e the
- tubing (see Figure 11).

Testing of the complete system, composed of tubing,

. sample cell, spectrophotometer,”pump and dust counter, waé-

' conducted at the Wright Chemistfy Laboratory of Rﬁtgers'
.University, the location of the spectrophotometer. At the
 time of the e;periment,_July-lo, 1972, between 2:30 and.

3:30 PM EDST, the counter indicated the following values:



S | ' ‘  Tubing
Airtight ‘Plexiglas . Dust Counter ' /

Electrical © Coge ., inlet Fort , o
Plug /Socket - | N
Counter Front - | s Air In
Pona!l Remounted Bausch & Lomb I |
. Outside Of Plexiglas. ~ Mode! 401 , 1
_ - =3 Dust Counter- : l

Case |

L’ AN et Ao st oy e any it v e v tag-rre Vit |

et r - 3
PRI O R A T A N N I R . Al LA L BT AN S B R PE LI Rl

Wood Base

| Power Cord

Figure 11, D'iagram of enclosure that was constructed to maintain particle o
counter at pressure of air at the entrance to the spectrophotometer sample cell.
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Size - Number Density (particles-cmﬁj)
Range | Before Tubing | After Tubing Model used in
Computations
> 054 4 4 _ 4
>1-0A 0.8 0.3 0.5
}2.0"{ 0'0 0‘0 . 0«0‘4

These observations are consistent with the model intro-

© duced in Chapter III.H.3.,b, In this'and in another trial

" run conducted at New York Univérsity, it was apparent that,
at least fcr partic1es with radii less than one micron,

the tubing did not introduce severe losses,

On the.above'dafe, observing stations of the New Jersey
Environméntal Protection Department at Perth Amboy and at
Somervillerecorded particulate loadings of as.ﬂg~m73 and
123.ag-mf3 respectively, values that are representative of

urban areas (Junge, 1963).

(b) Sample cell.

The Cary Model 82 Raman Spectrophotometer comes
equipped with a-roughiy cylindricel multipass gas sample
cell with Brewétér angle windows a£~each end, and a single
?stépcOCknequipped opening for filling. Since, for.tha pur;

Péses of this experiment, a contimuously flowing sample was
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-required, a sample cell was pﬁrchased from Cary and modi-
fied to'add a second opening and to replace the existiﬁg
opening with one that did not contain a constriction.
Figure 12 shows, schematically, the original and modified
gas cells, The cell, as modified, was found to introduce

-a pressure drop of épproximately 115 mm Hg into the flow.

{c) Vacuﬁm.pumgL

A pump was desired which could give a flow rate of at
 least 1000 cm3-sec_1 (é.l cfm) at a pressure drop of

150 wm Hg (35 mm in the tubing plus 115 mm in the sample
; cell). “The pump selected was the Gast* 0822-V103~G271X,

which is rated at 5.6 cfm under the above conditions.

{(d) Spectrophotometer,

With all of the other equipment in place, experimentaw
tion.W1th the sPectrcphotometer controls indicated that the
- best pessible spectra could be obtained with & spectral

slit width of about 2 &ﬁfl

and a scan rate of 0.4 cm“lnsecqie
These parametars are somewhat less favorable than those used
in demonstration,air spectra shown in the manufacturer 8

advertisements. The difference is attributable, first, to

*Gast Mfg. Corp., Pi O. Box 97, Benton Harbor, Mich 49022,



SAMPLE CELL SAMPLE CELL
BEFORE MODIFICATION AFTER MODIFICATION

Figure 12, Scale drawin'g‘of the original and modified multipass gas sample cell.

B
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the fact that the optical properties of the sample cell
were, of necessity,'damaged when the modifications were
made. After modification, there was evidence of distor-
tion of the Brewster angle windows which form the ends of

" the cell. In addition, the side walls df the cell, through
| which the Raman-scattered radiation passes, were slightly
-'distorted. The second soutrce of degradatiOn.of thé Raman
spectra was the fact that attachment-of the tubing to the
sampie cell caused somé slight dislocation of the cell, as
.'we}l as backlash in the_adjustmentS, for which no compen=

sation could be made,

"(3) Results.

Several spectfa wEre taken with aged, air conditioned,

- yoom air in the sample cell. 'One of these spectra is

- showvm in ?igure 13. The Spéctra were all-identical, shour=
inglno peaks beyond those attriputgble tb N, and 02.
Similarly, spectra taken with the sample cell removed éne
tirely (un-aged, air conditioned room air containing sus- .

pended particulate mattexr) were identicai.

Two spectra were taken with the pump in operation,

' f;drawiﬁg,outside air through the sample cell (see Figure

14). These spectra also contained no peaks beyond those

found in clean air,
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Typicsl spectrum taken using aged, eir conditioned room air.

f‘igure 13.
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A set of experiments was conducted to determine whether,
perhaps, the return fr&m particulate~laden alr might contain
a continuum of intensity across the Raman band that was not
evident from observations of the individual line locations.
Several pairs of observations were made, in each case with~
out disturbing the adjustment of the spectrophotometer be-
tween observations. The first oBservation of each pair was
of aged,air conditioned room air, while the second observan .
tion was of'outside air, with the vacuum pump operating as
described earlier. The object of the experiment was to
show that there is no correlation between weather conditiens
and the rotational Raman backscatter cross section of air.

Since the indoor and outdoor temperatures did not dif?

- fer greatly, and since our attention is focussed on the
least temperature-sensitive portion of the Raman spectrum,
the assumption could be made that the ratios between cor~
responding individual lines in the two spectra were the
same for any one case; that is, if'the line intensities
in the “dqtgide air"_spectrum'wefe multiylied by a‘qniform
factor, the resulting intensities would equal those ob-
tained in the "room air' spectrum. To obtain the best

estimate of this factor, about fourteen prominent peaks

' ' - -1 .
‘in the frequency interval, 11 cm'l.g AY L 98 em T were
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- identified in each of the spectra, and the least squares
regression line between the '"outside a\ix-"| and "yoom air"
spectrum was computed. One such regression 1ine is shown
in Figure 15. The slope of this line is the factor that
we are seeking,‘and its y-intercept i8 cha difference
between the average background counts present in the two
sPéctra. The compﬁted background count values were
integrated over - the entire spectral interval,
11 cm- £ AV £ 98 cm "1 a2nd the resulting values normalized
by the total (sigqal plus background) counts obtained over .
that same interval. The resulting value is the ''best gic" -
-‘difféﬁential background.intensity over the interval, ex-
pressed as a fraction of the total intensity. These valués
are shown {n Table 5. The values shown are, in some cases,_
several percent of the total intensity, and, in one case,
almost twenty percent of the total. The computed differen-
‘tial background intensitles take on both positive and negd-
tive values. - | |

" No definite explanation could be found for these fluce
tuations.- There {s a possibility that spall amounts of
room light may have been ducted into the sample chamber by

‘means of the translucent tubing used to bring the sample

air into the chamber., This light could have both temporal
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100 . 28 AUGUST 1972

INTENSITY (QUTSIDE AIR)

20 40 ‘60 80 100
- ‘ INTENSITY (ROOM AIR)

Figxxre 15, Typlcal example of the variation of the ratios
-of peak line intersities within a group of lines, about
~ the line of best fit. |
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© 7 Table 8, Synopsis of measurements aof moteoralogical parsmeters gnd concurrently observed Raman spectra.

"V averege Count Best Fit g —
. | Rate at Line gressicn Line E ’;:’,'“ 2
. . . ﬁgt&fw Selec- g? § & %‘ﬁ
: o I 8§ _ l&a%s.
. ¥ o~ & *f\ '94-\ (cc'unt.a - sec“) ?g . ": & < !3 gﬂg
~ E‘ o mT gsl =+ “ag i ““Ei 8
g | 28| g |E5% |Bd3| o3 | w8l 85% | 3Rall50 s
a .ag g '§ y - 1 E"" a E E Y-7: gﬁ £~ a-&'"“jﬁ 23 H
| - 2B (atagll 55 | 5.3 | g8 | 8e%| EuIT| 95 2|2 eE
& 3R D883 28 558 | S48 a8 EEEE| BBy
: 458 ik a3 | 838 [ #Ed8; A28 58T (A5 54
8/ 8/721 1318 301.1 {12.2 71.3 1l 2.0 2ths | 26027 | 0.727 142,388 | 1002 | +0.199
8nd/12] 1030 | ook f1sa | 720 f] 2.0 | L5.SBC ) Su.sB | 0838 062 | 10.04 | -0.01k
8/28/72 1 1130 298.3 | 13.1 L 18.6 1.9 .48 95,82 | 0.717 1+0.012 18.17 +0.0007
8/29/72 | o9hs 297.2 }13.0 96.8 11 1.8 .72 | 61.38 | o153 Jos2y | 9.85 | -0.0L8
913712 1 1000 200.8 | 13.6 172. 1.5 55.36 | 60.0 | 0.7 |s0.60% 9.00 | +0.060
o/ih/r2| 1000 | 2977 |64 1ols. 1.8 [113.85 l120.30 | 0.756 |+0.290 | 870 | «0.029
9/15/72 | 0900 .6 | 9.60 | 13, 1.8  |1sh0 | w8y | 0777 |-0.k29 9.6 | -0.040
9/20/72 | 0930 287.2 | 8d7 75.9 || 1.8 {1L.85 |146.68 | 0.783 [-0.050 8.88 | -0.005
9/22/72 1 1030 255,85 | 11.8 80.7 1.8 117.60 | 153.12 | 0.771  ]+0.369 9.02 {+0.036
10/ 24721 1045 261.1 | 10.3 85.9 {| 1.8 1113.55 | u8.63 | 0.765 [+0.387 9.5 | +0.033

# From hygréthamograph and high-volume sampler cbservations made at New Brunswick, N.J., zbout ‘o miles from
the location of the spectrophotometer.

+

#%  Signal levelsy and ratios indicated on the spactropho-t.mater were critically iapa:ﬂent on the slit widtﬁ setting.
' .This setting could not be reproduced accurately enough to be considered as constant from one run to the next.

Consetuently, the &

obtained,

1it width was set to the smalisst valua for which reasonably nolise-free signals conld be
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and spectral variability. Furthermore, there is the pos-
sibility of small fluctuations in the pumping rate.

The thrust of this examination, however, was to deter—
mine whether meteorological parameters influence the re-
sults, At the timerof each set of observations,.concurrent
measurements of temperature, humidity and particulate mass
loading were made, using a hygrothermograph and high volume
sampler at the Rutgers University weather observation site,
located about two mileé from the spectrophotometer. A
synopsis of the measurements is given'iﬁ:Table 5. Correla=-
tion coefficients were computed between the background
vaiues and the absolute bumidity and the particulate mass
loading. They are as follows: _

Differential background vs, Absolute humiditf: +0.279
Differential background vs. Particle mass loading: -0.157
According to the significance test for correlation coeffi-
- cients given by Brooks and Carruthers (1953), meither of

the above values is significantly different from zero.
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Chapter 1v.

- TEMPERATURE DEPENDENCE OF ROTATIONAL RAMAN LINE INTENSITIES

AND DESIGN OF FAMILIES OF FILTERS WHICH NEUTRALIZE TEMPERATUR

DEPENDENCE OF SCATTERING FROM THE ROTATIONAL RAMAN LINES OF 4

~ List of Symbols

bD Doppler'broadening (half) hdlf width (cﬁél).

bp Pressure broadening,(half)'half width (cmfl).

Cl Constant (cmf1~° u%).

Cz Constant (cmﬁleoK‘g);

¢ Speed of light'(cm~secf1). ‘ .

D Distance between interferometer and multipass
reflectién mirrvor (cm),.

d‘ "Width of a diffraction grating groove (cm).

E(h) Fraction of available Raman energy used by a filter

with (half) half width h,

e Vapor -pressure pf.sodiumiin_absorption cell (dyne*cm“g,
'eo Reference vapor pressure of sodium (dyne-cmfz).

G Gaussian filter form factor.

H .  Size of spot of light on interferometex (ém)-‘ .

h - Filter (half)lﬁalf width (pmfl).

I,  Relative intensity of Raman line at frequency W,

i: ~  Number of temperature values used in détermtning
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mean line intensitye.
Rotational quantum number of initial state.

Order number of principal enérgy maximum in light

- diffracted by diffraction grating.

Latent heat of wvaporization of sodium (erg*gm-l).

Atomic mass of sodium (gm»molal).

Refractive index of interference filter.

Total number of grooves on diffraction grating.
£/Number in an optical system.

Number density of sodium molecules in absorption

eell {em 3). .

Number of passes of light beam thﬁough interferometer.
Power 1néident on diffraction grating (W).

Péwér received in primary maximum of grating

specﬁrum (W |

Value of ?p.m. dug to Ramag.scatteriﬁg (ﬁ).

Power received in interval U’min§;U'<§ U' ay OF
secondary diffraction pattern of gr#ting spectrun (W).
Value'qf Ps o due t§'elasti¢ scattering (W). | B

& L]

Pressure (atm).

‘Reflectance of interferometer mirxor.

Universal gas constant (erg—mol"1¢°Kn1)a

Temperature (°K).
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Transmission of filter at center of its transmis-
sion curve,
Reference temperature (OK).

Transmittance of absorption cell at wavelength X .

T,(h,quransmission at frequency ‘V, of filter centered at

ut

Ui

U' - !
min

A1

RMS

AL

vy
LY

Y,

Vg, with (half) half width h.

piffraction grating parameter relative to m=0,

Diffraction grating parameter relative to arbitrary
order numbér, m.
Value of grating parameter U' at @ ..

’ ! -4 ¥ )
Vaiue of gtahing parametexr U at,emin'
Diffraction grating parameter,

Width of interferometer surface (cm).

Léngth_of light path thfough absorption cell (cm).

RMS fluctustion of Z-I, about 2 I, , expressed

as a fraction of ZI, .
Ay

Geometric distance of diffracted Raman energy from

‘diffracted elastic enmergy (cm).

Free spectral range (R).

Frequency interval over which Raman line intensities

are summed (cmfl).

Deviation df.))c caused by deviation of incident

" light from the perpendiculaf (cmfl).
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Spectral distance of frequency for which 9=Gmax from

that where 8=, (cm"l),
Distance between adjacent diffraction grating

grooves (cm).

Maximum @llowable angle of light incident on filter=

ing device,

Diffraction angle of elastic scattering..
Maximum diffraction angle of interval in which
Ramah lines are observed.

Miﬁimum diffraction angle of inter§a1 in which
Raman lines are observed. _

Angle of light incident on diffraction grating,
relative to normal,

Aﬁglg of light diffracted by grating, relative to
normal. |

Wavelength'(g).

Freqpengy (cmml). |

Frequency at which filter transmission curve is
centered (cmﬁl). |

Frequency of elastic scattering (cmflj.

=1
Free spectral range (cm ),

Centg;i- of spectral interval 'Ve+; vV 2 ‘Uou_r Vew dv

ox amax\g 9 < e-Smi.l'l'_



'Frequency of Raman line, or nominal frequency of a

group of Raman lines (cm-l).
Object or image radius in an optical system (cin).
Sum of all Raman line intensities at temperature T
in frequency interval, AY,

Average of $.I, over i temperature values.
av

 Absorption cross section of sodium vapor at wave=

length M\ (cmz) .

Optical thickness of absorption cell walls.

‘Angle of tilt of interferometer relative to multi-

pass reflectlon mirror.
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“A.__General.

| As was mentioned earlier, althéugh the total energy
scattered in the O~ and S~branches is independent of tem=-
perature, iﬁdividual line intensities do.vary considerably.
In accordance with (20) and (21), as temperature is in-
creased the 1lines closest to the incident frequency de=
crease in -intensity, while those in the far wings increase.
Table 6 shows some typical intensity variations to be ex-
pected in the range of atmospheric temperatures.

~ Obviously, depending‘upon which spectral interval of -

the Raman band the observeY chboses to monitor, rotational
line incensitigs.could be used as sensitive temperatuxe
indicators or as temperature-independent parameters. |
| For the purposes of this écudy, it is dééirable to
locate the family of spectral intervals in which there is
an insignificant net temperature dependence. Since the
rotatiqnal Raman cross section, as defined in Chaptexr. IIL.F.
is independent of temperatﬁxe, this family includes; but is
not limiﬁéd td the {nterval encompassing all lines (L.e.,
-au(ﬁ% f 'Vé](ﬁﬂ). However, we prefef not to use an ex-
~remely wide interval, sin&eg.as will be shown later in
this chapter,Ibadkg:ound-radiation would become a problem.

Furthermore,. for practical reasons, we desire to examine



Table. 6, Temperature dependence of some representatiﬁe

lines in the rotational Raman spectra of nitrogen and

Oxygeﬁ.
j 4&1; Midrange Pegcent change
(em ) intensity ;eriziggiity
' (rel.units) - temperature
N change
0 11.94 9,276 - 4,8
N, t 9 83.51 12.585 - 0.34
23 194,3 0,256 +14,
1 14,39 11,918 - 3.6
0, 11 71,89 20,335 - 0.50
33, 197.3 0,049 +16.
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.interﬁals which lie only to one side of the elastic line.
In the atmospheric range of temperatures, decreases in
line intensity with increasing témperature occur only in
‘the frequency intervals,6<<£u} ol L%l§§‘70 em™l, Thus,
any group‘of lines whose total intensity is to be indepen~
dent of temperature must take in lines on both the high

frequency side and the low frequency side of lb% - )JJ=70 cem™ 1

"B, Ideal) filters,

For the purpose of illustrating the nature of these

- intervals, 1& was initially assumed that an ideal filter
coﬁld be applied to the receiving apparatus; that is, it
was assumed that one could choose to receive all the ener~
.gy frém any intervai of lines within the O~ or S-branches,
and exclude all energy from outside thaﬁ intexval. Wheﬁ
this assumption is made, there can be only as many groups
of lines with near~zero temperature dependenpe,as.there are
lines in the region, 0'< lvr - V‘el 4. 70 cm'_fl. There are,
"in faét, about eleven or twelve such lines in each branch.
Intervals for near-zero tempe:ature-depeﬁdence ware comptie
ted, Beginning.with each of the first eleven lines in

" turn. 1The method of compu;ation was as follows:

Supposé that we are examining the total Raman-scat-



' of interest, That is,

95

tered intensity due to &ll of the lines lying in some

fr'equé.ncy interval, AV,
I
&b

The average intensity observed over some temperature range,

AT=T ,~Ty is given by

Z,I” AT

il
[~
3
M
e
A

. Since :%I, 1s a slowly~varying function of T, we may

approximate the above integral by an averége of S Iy
: : AY

over i uniformly spaced temperature values in the interval

1 -

"1"" ZIH ™
1 Z v T
k=1 k

In our ideal filter we wish to minimize the temperature

e

1

dependence of %I, . For the purpose of our computations,

. the interval of "minimum temperature dependence" was de-

fined as the spectral interval, AV, in which the RMS

.

 deviation of E I, from ‘Z;Iy‘ 'is a ninimum, for tempera-

ture variations over AT. That is, the interval, AY, for

o
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which

———— i)

Al = AR = minimum {(62)

RMS

1 21

&8y

Intensities were computed for each 20°K in the interval
200° RLT 5;320 R and are shown.in Tables 7 and 8. The
results of the calculations, shown in Table 9, indicate
that, with an ideal filter, it Is theoretically possible
to achieve iess than one percent temperature dependence |
while utilizing nearly all of the energy present in the

O~ and S~branches.

C. GCaussian interference filters,

1. Genera;e

While maintaining the same criterion for "minimm .
temperature dependence' as was'diseussed above, we now
extend our calculations by choosing a filter whose trans-
mission function isg Gdﬁssian'inlcharacﬁer,.Qitha speciw_
fied center frequenc& and (hglf) half width {spectral

distance from centexr fféqUanctho the frequency at which

: transmission falls off by & factor of 0. 5) 1hat is,

1I~)J
=1n2

6 (hp) = e .' - (63)
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Table 7. Computed line locations and relative intensities in
‘the O-branch of the rotaticnal Raman spectrum of air for

temperatures in the range 200% £ T £ 320°K.

Ce . & : JU
Relative ' ) 1ative Intangitiem :
e & At o
;o MEY mex 2250 ﬁﬁ g0k ozl = ST .
1 S L RN 1] a0 T=gi G900~ 0% R BN0=03 #,22u~01 7 67U~NY {u193~03 61767
] E+43940L - Le3bR-pR LEY 4 ¥4 tal22~00 1. 044~02 GeTal~03 2+1A5=-DF 8:.630
1 1.990¢0% D hUGnpd Te3s9=03 7.422~03 6 ,924~03 beligh~03 G L18=03% Ge? T
3 Z+9%0401 % 026~1,2 taH G2 3+ TN 0K 1.673=02 1e5p2~02 1489902 1,43
@ ZaTEHT0L 2204=( 7 18 T~02 1.027-62 PRETSL H 4. T10-02 1.610~02 FIS S
3 S.584¢CL i:238-32 Y STt $al0U~2 1.0%2=02 LeBpl=a2 9.515-03 .30
g+ - 3790401 2.2500T 2.257-02 . 2.066~02 1., 9080=0 L «8458=02 1482102 1. TH%
] LTy a3 %o TGy 2 N MA-DE 2.¥59~02 ,263-02 2:173-02 2+387-02 2.007
1 §,H91405 2.2765~r2 2235302 2alE7=05 f.980=C2 4+535=~02 1+BLB=0Z L1085
] H. 172400 Lofbnd doifl 2002 1502~52 L 09-n2 LeX b2 1.082-02 1.0
) HSa9hTr0L 220Nz EPaE L Py Q+2%0=02 22T -00 2ep9=fZ 2414602 24101
L] b UYD¥0E Le662=n2 1.1%1-02 1.739-02 1.753=02 Le755-492 LoTuB~02 Lo 735
k Ny TE240L B 99Tud L -U2E-n2 ie53myud 3 ,035-02 1 u3I~02 1,025~02  1.01"
13 7.189+01 Jda10gy? 1.277=07 te307=02 1.403=02 LagS 02 1e475=02 | 1% 14
k LI 1% S0 1683 " 175302 | LY P F22E0-CR 1eBr3-02 1479502 1.8
13 B,336+01 Fe54 Vw3 Goobeld G 4A0=DS 1.026-70 § g@=02 1s348~02 Leits)
© Baa514%01 TR o T321-03 T.T45=02 8,072~03 &+317-03 He495-02 B.61"

10 Detu3r0l 1o UB4=rZ Lo LT4-02 terTE-22 b 358=0¢ 1+4 2502 1+581~02 $eBan
15 9.483+3) $i325=03 2067 €.111=p3 6,310 Taay1=03  Qe289-0) 2R
H 9292441 3.uSo=(d 5,552-03 SeC4 73 5,54 =63 To9u5+03 BH.2H2~03 64565
3T 1063402 2.287-n3 2.934-07 3.023-03 %,3M-03 49,003 5+583-D3  *H.1d
i2 La0T3%02 SeTiO=0d Get38-03 7 an0=03 8,808~03 De64D=05 | 1.039-~02 110
13 12353002 2.000n3 2 RS-0 2 95603 F.0028) 3.815-03 BulG8e 0l L TY-n 18
L] 1177402 107303 a206~0% L-ON%end - 2,436-03 3.502~03 3.515+03 8,02
14 14232402 270703 350703 Wa318-03 S.116=0] “.ppledd Gs611~03 Te29"
21 1.291%02 €. Lh0-na PeipE -G L 0303 1,335=~05 16103 2.018-03 2,87
15 ie314v02 BeATGopk 1,800=03 1953303 1.,874%-D3 2.219~0) 2+546~03 - Z.88
16 1.390%02 tei29=03 ° 199503 2411903 2.67T=03 3.263=03  3.833-03 Ba%De
23 1,495408 Lo EYR=L# LY T B TR4=04 &4 680=04 8+973=0%"  R.1%3-D3 F YL N
P O T 1T . UL T E S B LM AAY T.125=3%  §,320-04 2algT=03 1o421=03 [N
25 £.51G402  ©oAT77 08 Lx235~08 2. hraenh 3.407-04 8 ot.,0~08 6.020-04 T.81"
.16 Lobupéy2 Gotln=ny 5.45R =00 Q. 332-D0 1.2660-D3 1o636-0D 2+032-03% 200
19 1.62)v02 2alET=n" LMBE~Y L 2.9TE-0N o LaT- 0% 5.803=08  Telb63-00 Bepu
27 1633402 2.218=n8 LR-T 0 LY Q26705 1,358~04 2.066-00 2.958-0h B.017
au 2. Tou+2 1:329-y4 2.353~Ch 3 oh9=g! B,u30-00  T.GHp5n08 9, 8R6-0% SR8
2% 14780002 6+ T6=ph 3+356-03 %:105=05 5,527-0% Qa011=0% 1.370=04 1e9F
21 1705402 3607 Y TR ] 1.120~0% 1,715=p0 2.457-04 3.340-04 LT3N
L} ) 1+HEQ+02 1+ABY~CH G.Y22=0h 108509 2.104-05 3409305 S+983-0% 90
22 “LeluhtyuR 3.799+(% Tol33-02 1:323-08 2,116~08 Selg 704 #.5320~00 €50
23 Te9H3eE2 ¢, ¥0R~0b 2.054~25 31 906=03 6,37%=03 9.859+08  L.432-0% 197
% V.0 73402 BopttitenT LoM3B-NE A 330~06 T HOASGE T 1Mp2elS 2oue6+=0% 397
an 2.u21%02 Qeh2Un 6 R ETIGE Y. 271=p% 7,501=05 1+205-0% 1819404 2659
35 22085405 . R iRG~7 ZTLUUG-0T 1.070=06 2,50=06 . S.i54~0% 9.595~06 hebt
P 2:100402 . 2.319=pK BehigSuis 1516905 2.15A~05 3260408 5.658-0% ‘A 320
26 . 2.179t(2 Ln lGE=LE 5.65%=06 ~  1.288=09 2.423=05 §.255=05 B.839~0% ta00,.
37 #.198402 2.488an] | Yo lul DD 34421 =07 T.820-07 175706 3:.527=06  BoUSl

.

. &7 2:257402 4aBlh=07 LedB2=Ca . Je20B-06 6,650~06 Je222=0E 2¢061-73 Ja242

kK DeT1gt02 -§496109 P.LHImNE T:158~08 2.291-07 54640707 1+225-06 22808
20 Ba 335002 8033007 e81B+. 5 3.300~CH T.136-06 Te375~0F  2.014-08 I3
=9 el el Y2678 LR T BeLI8=07 1.571~06 78006 6+933~08 1.870
43 2021402 210750 Gel¥vtan DY 1435508 Bb.294=-08 1. 7p%=0? 4.026-0T - 84507
50 2492402 To 697203 24 19957 FaTX0-9T 1,919-86 ba79~LH Te805-08 1.371
L] £+ 3233002 -8 YaTiseas b+ RP30G 1. ha2=-08 #:058=08 Lag3i=07 °  2e68%
32 2070902 1 6BNG=0B, (TR Ll 1.867-0%F R B09-0T 107606 2+153=00 3.932



LR~ £l M &

Table §.

=

zcn:rc-z!z13:3::2:2¢::ro:z::c:z¢az!c:z:z:az}azzz:cﬁzta:::za.z::zzz:a:z:;z:e.z:Zczz:o.z::e:a:c

Computed line locations and relative intensities in
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the S-branch of the rotational Raman spectrum of air for

L O
temperatures in the range 20001{ £ 1T £ 320K,

e o D AN I TN (s (D 0

Relative
Fredue,
(cangy
taigutyl
l.au3nipoy
La990+yl
2eLFUHUL
27854}
3:.581%4)
2 THOD)

T 4a37T40L
L8910}

Sel72002
S9RTYY
G400
b.762401
To18549]
Talh7eg)
B.336%01%
d.351401
F.145491
483101
G 23I040]
l«Ut3+62
IoJujenz

. 1415302
L.1774%02 -

1.232442
1.291402
beX1i+02
1390402
Asb0utu2
Lelpy+p2

abletpz

1.508402

1.027402 -

l.als+i2
L. {06402
Yo taatyR
1.705+92
d.u60t02
186442
Kaa3ty2
1.9734p2
21402
2065492
£.100%0u2

Rl T2

R.49a402
R+257%02

L 24310402
24335402

2414402

2aM23402
T Bapaea2

24533982
2.570%02

Ralative Intensitdes R

200°K 220°% 2ho’k 260°K 280% - 0% 3%
1.181-c2  1.038-32  9.515-03  B8,786-03  B.150~03  7.617-03 . 7.14
1.662-02 1433202 1.223-02  1,130-02  1eD5i-02  9.820-03  9.21
94980-03  9.100~03  B.362-03  7.735-03  7.105%03  6.726~03  6s31¢
2.441~02 2424402 T 2.G7702  1,933-02  L.8gB~02 1469702  1.60
2:693~02  2.9601=02  2.278-02  2,11502  1.973-02  1.850~062 3.7
1.602-;2 1.979-02 1:374=p2 1,203-02 120302 1.132~02 1-06¢
299802 2.755-02  2,506=02  2,435%02  2.3g0~02  2.179-02  2.0%

3-0506-02 3.272w02 3060602 2. 884~92 2+Tpi+02 2+4575=02 2.4y
. 29502 2.827-02 2.709~p2 2,595=-02 2alnfB~02 2.308-02 24297

1480002 170202  1.512=02  },530-02  1.4n5-02  1.306-02 fe32
5.50%=02  2e36bw02 3229702 . A 098-02  2,974v02  2.,057-02 2,74
2:566-02°  2.939=02  2.499+02  2,849-02  2.343-02  2,335-02  2,2N
14626-02  1.071-02  14550-02 1,506-02  Lesg2-02  L.418-02 1,37
1e973-02  2.038-02  2.072-02 . 2,088-02  2.0q0-02  2.002+02 2.0,
2:A8%w02  2.HRG-D2  2RESeNZ 2. B25-02  2.FTT=B2  2eT25002  PadEY
16369~¢2  1.9T78-02 . 1.563<02  1,620-02  1.677-02  1.712-02  1.TH
1023602  1.26u=02  £2T8-02  1,280~02  $.277-02  1.268~02 ° §.25

C 2e035=02 . 2.136-~02 2+206=02 2,253=02 2.2p2~02 2¢296~02 ©  2.2%°

Babbeend 9, £90=03 1.073~p2 1,168=02 1:243-02 1.306=02 135
B076~p3  H.725203 922703 9,616=03 9.9p8~03 1.012-02 1.02;
FB50m03 5.881-03 6185303 7.750=03 8+¢555-03 929503 Qa9
14238~12 1:5379-02 fo40T=02 1,995-02 167502 Lo 73802 12794

L4 .5B4=1-3 5:483-03 Ge300-03 &6,438-03 6+809-03 T+290-03 Tebls

2.502=03  3.252=03 - 4.016~03 4, 77005 5:497=03  '6.187~03 B.83
Ga568-p3 7+850-03 9.037-03 i,012-p2 1v1yB-02 1+194-02 12865
11773 L.BL3=03 2.176~93 2.729-p3 3.245-13 3+861~03 §ouls
2:277-03 2:H29-03 3.365=-0% 3,AT2=03 4,393-03 G T78-03 5 L&
3.057-r3 3.Y60-03 . 4.RTE~03 5,778=03 6+665-03 T+46603 D287
Sa083p4 7. T34=04 1+633~03 1.454~D3 1:846~03 2:263-03 - 2.5690
FeYH2mph 1+346-03 1.719~03 2,102=03 2.4p83~03 2.A55=03 3.21:
$.092~08 - 3.335-04 . S.008~D% T.226w00 Da¥6=04 . 1424B-03 P P- 158
1.253=n3 1. 778~03 235103 2,983-03 362503 ° 4:.271-03 40310
3.828~c4 - S 060 T+RGT=D8 1,033=-03 1295303 - L1.564-03 1.A30
Pellil=rs Led2a-04  2,205-08 - 3,35204 4. THE=04 €e078-0% BeWQE
40530=(4 T.+22)~04 1.029-03% 1,396-03 1+804~-03 2.201~03 2,69
2:374=0%  4.885~05 BeBUB-05 . 1,453-04 2.211-08 3.166~04 4315
1+3D5~ph 24360=08  3.267~08 4. 607-04 6+150-0% 786304 Yo TAL
Te200=06 | E10B1-05 5.309+05 5, A90-05 Gelad=05 1:460-04 2.087
Iy T Y 24 Bhp -0 o Nay-gy 5,936~G4 Be213-04 1.081=01 1.378
3e929p5 7.41B-05 1+220-04 1.868-04 2o616=04 3:637-04 t,737
2.005~.6 5,225« L+152~05 2,234%~05 3e920~05 635105 9648

T Ra123¢5 B:+335-05 §s825=04 - 2,296=0% Jab1h=08 HaTH6~00 . GWR20

SalIZey T 1. 921=08 I 735~08 7,933~ 1+505-05 2+609-05 . 4,204
1:050-55 2eZ22~05 40 117+05 t,804~05 104604 LeSU9wQi w2o13%
10053‘55 ’ 2-350”95 u0607“05 i 5.“89“05 L.JEH—OH 1.962‘0“ 2!793
1:208-437 90103507 1022B=0% 2,659+0b Sl 36=-D6 1.012-05% L T36

R e893=(G H.U50-06 . 1.257-05 2,319-05 3.808-05 6 085~03 Go0up

2ebi0anh 1.025-07 3417807 - H8,226m07 1cBy8-~06 3.712-06" b T9%
Re32R~06 B Ui 05 1¢338=-05 2.999-05 Q56405 To403=039 14125
F485%=07 La879-05 A+4TH=06 TeliT=06 S«3p8-05 2420605 BTl
5:206=09 2.375-08 §.351~08 2,40U=07 Se91707 128606 2»525-
Qefi23~aT I «%06-06 JeR249=D% 7,620={6 1.858=05 2+578-05 G203
9SG~ 1 5030309 2+047~03 6,5%9i-08 §+TRE~0T G¢255-UT - @500
2+870~n8 3.253-07 BeTibb=g7 1.99%~06 8.932=06 ' T.386~06 Lo



Table 9, Characteristics of various ideal filters. Line numbers refer to

consecutive numbers assigned to each liﬁe in Tables 7 and 8.

First Line ' Last:  Line

_ _ {(Half) Percent
Line | Line Line | Line Centexr Half Fraction of | RMS Intensity
No. Fre‘qi No, Freqi . Freg. widt Available Variation over
{em=3) {cm™*) (cm™) (em™ ) | Energy Used 200°K~320°K
: . 0 = Branch | _
1 14,39 24 1123,2 68.79 54,4 0.9483 .0.38
2 19,90 22 j115.3 - 67,60 47.7 0,8609 0.54
3 25,90 { 21 {107.3 86,60 40.7 0.8276 0.59
4:§ 27.85 20 {106.3 67.08 39.2 0.7453 0.69
5 35.81 18 | 94.83 65,32 29,5 0.6551 0.82
6 37.40 17 § 91.45 64.43 27.0 0.59%5 0.85
7 43.77 'y 15.} 83,36 63,57 19,8 0.4676 0,91
8 48,91 14 | 75.57 62,24 - 13.3 0.3622 0.98
9 51,72 ] 13 | 71.89 61.8%L 10.1 0.2403 0.99
10 59,67 12 | 67.62 63,65 3.98 0.1594 1,20
11 60.40 11 § 60.40 606.40- | 0.0 0.0555 -
S8 = Branch
4- |- 27,85 33 [163.3 95,58 81,7 0.8979 0,23
.5 { 35.81 28 1140,5 " 88.16 52.4 0.8305 0.40
6 37.40 26 J131,1 84,30 46,9 0.7833 0.51
? 43.77 24 1123.2 83.49 39.7 0.7107 0.62
8 48,91 22 11i5.3 82.11. 33.2 . 0,608% 0,78
9 51.72 20 1106,3 79.0% 27.3 0.4972 0.79
10 59.67 1% ) 99.39 79.53 19,9 '0.4435 0.89
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Obviously, there will be an infinite number of combi-
natiéns of center frequency and half width that will satis~ .
fy our requirement for a small temperature dependence. We
_ recognizé_immediately, from an examindtion of Table 9, th#t
for a filter of near zero half width, the desired center
frequency will fall at about 60 cm.-1 in the O-brﬁnch and
75 cm._1 in the S~branch. Furthermore, we know that as the
half width is increased, the desired center frequency will
move progressively outward into the wings of the 0- and S~
branches, ' |

Calculations were made bf the various parametérs‘of
_interest for filters with half widths of 25, 37.5, 50 and -

75 cmfl. Plots of net temperature dependence foxr various

centernfrequency/half width combinations are shown in

e Figure 16 illustrating the characteristics discussed above.

From the results shown in Figure 16, it is a simple
matter to interpolate the center freQuency/hélf width
combihations that result in minimum intensity variation,
These combinations, together with Limits for 1% tempera=

 ture dependence, are shown in Figure 17. The fraction of

L I N Lt

available Raman energy used, E(h), is given by

too
S Ty (h,v Y Iy dy
E(h) =: , (64)

R




8.5

Percent RMS Temperaturs Voriation Over 200'?&( £ T 320? K. .
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Here, h and 1Jc are ordered p&irs from Figure 17 which give
minimum temperature dependence. A gra?h of E(h) versus h
is shown in Figure 18,

Since we find that there are an infinite number of
center frequency/half width combinations from which to
choose, we shall investigate, in the following sections,
some additional constraints which may be applied to the

filter design. . In the next section, we shall inyestigate'

the possibility of using the filter to suppress the signal '

due to elastic scattering from the Raman channel. In
Chapter IV.A., we shall consider the possible selection of

filter parameters to optimize the signal to noise ratlo.

4. Collimation requirements.
When using interference filters, or any interferomet-
ric device for that matter, it is necessary to examine the

requirements that the device imposes upon the collimation

10:

of the incident light., From the optical geometry of inter-~

ference filters, it can be shown that the incidence angle,
8, and center frequency deviation, A)_, of a filter are
related according to (Oriel Optics Corp., 1971)g

_ | e .
L A AV, AV : | :
sin @ = -1m Z(VO i) |- (65)
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Typically.r’?i, the refractive index of the filter, is about
1.7. For the types of filters discussed here, we shall
require the center frequency to vary less than about 5 cm

with changing incidence angle. Then
e < 2.5°

Figure 19 shows the interrelationship between E s VV’.and e
in an_oPtical system. In a system which introducés no
losses or'aberrations, it can be sh;wn'(Born and Wolf, 1559}
that the quaﬁtity 'F’Afﬂ is constant; that is, the optical
properties of the system maj,be transformed along lines of
constant ; / f . This is a convenient parameter for ex- )
pressing our results, in that it allews the comparison of
systens which require different blur radii and £/numbers.

A filter of radlus 2 cm, with a maximum acceptance
angle of 2.5° falls at the location marked (:) in Figure 19.

We see that, for en optical system to produce such a set of

paramete'rs,' it is required. that

?/uﬁ £ 0.17

A further discussion of the practical attainability
of such a system will be p'resgnted in the following sec-

tions, -
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D. Interference filters which provide sufficient suppres—

sion of the elastic scattering in the Raman channel,

1, General,

It wa; shown in‘the previous section that, if in
designing a filter system, we consider only neutralization
of temperature dependence of the received signal, we have
an infinite number of filter tramnsmission functions from .
which to choose, With this fact in mind, we examine the
possibility of additionally taking advantage of the fil-
ter‘é.ﬁransmiésion function to suppress'the elastically
"scattered light from the Raman chanpel.

In Chapter ILI.G: it was shown that S-branch Raman

scattering is

30

2.85 x 10°°° |
55 = 0.0142

2,01 % 10

‘times as intense as the elastic molecular scattering, and
that the O-branch Raman sc&ttering is 0,0102 times as
intense, |

We desirp that the elastic scattering be suppressed
to less than nghparcgﬁthf the Raman scattevring, in the
Raﬁan channel. This implies a fequired transmission at the
el#étic.frequéncy 1.42 x 10ﬁ4 times the effective Raman

band tramsmission, E(h)T,, and a factor of 1.02 % 107" for
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the O~branch, When the effect of particuiate elastic scat-
tering is included, we find that the required rejection
factor not only becomes larger, but alse wavelength-depend-

~ent. In the spectral interval 0.354( = 0,704, the inten-

"sity of molecular scattering varies by a factor of sixteen,

while that of particulate scattering varies by a factox of
less than two (Elterman, 1968). Thus, at 0.70.4, the re-
jection reéuirements for the filter are about ten times as
. stringent &s at 0;35Ax?.

Elterman's tables, which give attenuation coefficients
_ag a function of wavelépgth for an atmosphere With‘a.ﬁiaif
bility of approximately 14 miles, iqdicate that the ratio

- of particuiate to molecular attenuation coefficients near
the surfﬁca is about 30 at 0,704 and 3 at 0.354 .

Deirmendjian's (1969) study of particulate phase functions

indicates that the ratio of particulate to molecular back«

scatter cross sections should be of the same order of mag~
nitude as that of the attenuation coefficients.
yndef‘éxtrémely.hazy conditions, we might find these
factors to be as much as five times as large (visibility
less than three miles); that is, the ratio between parti%.
culate #nd molecular backscatter could be as high as 15 at

0.354f, and 150 at 0.704 under these extfeme conditions
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and the rejection characteristics of thé interference fil=-
ter must accordingly be specified 15-1530 times as high as
for a purely molecular atmosphere. The particulate contri-
bution to the backscattering diminishes rapidly with height;
"lthe ratios of particulate to molecular backscattering are |
less by a factor of ten at 3 km, aé compared .to the ratios
near the surface. Thus, for systems whose operation is
" confiped to higher altirudes, the rejection requirements
are not as stringent.

‘ Thué, we 'see that, for an interference filter to pro=
Avide the required suppress;bn, the elastic frequency must
- fall far in the “wings" of the transmission function;
that is, we réqﬁiré a relatively narrowffiltér whose trans=
mission function drops steeply in the wings. In order to
obtain design parameters for ;uch a filter, Infrared In-
dustries, Inc.*, a concern which manufactures interference
filters was coﬁtacted. They'suppiied a set of typical
transmission curves for filters that they produce. The
filters are glassified as one- through four~period filters,
the.termjﬂperiod“ referring’to the number of sets of di-

electric layers composing the filter. Four periods is

*P, O.'qu 557, Waltham, Mass, 02;54.
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presently the maximuﬁ number commercially available.
Through use of the curves, which are not Gaussian in
character (See Figure 20), it was_possible to find the

~widest filter of this type that would give a rejection of
'10"'4 or 10_5 at 6943 R, and still give the desired non=-
;eqperatpre dependent R;man transmission. This ﬁas done,
‘using the same computer program as was used in the calcu~
lations.fof ideal and Gaussian filters, The computed

| characteristics of such filters are shown in Figures 21

and 22, and in Table 10,

Table 10. Widest Ffour period filters which give a rejec~
- - o ' :
¢ion of 107% dnd 107 at 6943 &, and st1ll give the

desired non-temperature dependent Raman transmission,

 Center (Half) Half  Fraction

Wavelength ~ Width | of Raman Branch
(A) : &) Transmitted
g .
? 13 Ow-Branc:\j $212.9 8.1 0.361
S & {s-Branchl 6980,6 10.0 0.384
& |
So-Branch 6912.3 11.7 0.500
ol -
R3] _ :
g &|s-Branch 6981.3 14.6 0.523
Y .
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2. Collimation requirements.

Obviously, filters of this sort require a high degree
of collimation., As a first approximation we can assume,
with thadretical justificatiﬁﬁ, that the entire transmis~
sion pattern of a filte: is shifted in wavenumber space,
without distortion, when the rays are incident at some small
_off-axis angle. Suppose we require that the o£f7axis.réys
may not change the center frequency (and, hence, that of
- the entire transmission pattern) by more than 2 cm:l. For
a filter centered at any of the wavelengths in Table 10,
this amounts to a shift of less than 0.125 (half) half
widths.

Such a éhifﬁ has two effects that are.of concern to us.
First, there is an alteration iﬁ the degree to which the
filter balances the temperature-induced fluctuations in the
intensity of the Raman signal, an¢ second, there is an
alteration in the degree to which the elastically~scattered
signal is rejected; _

The magnitude of thé first effect may be determined
| through examination of Figure 17, and is found to fall
"within thé one percent limitation lines. The variation in
‘the rejection of rhe elastically-scattered signal may be

ascertained by Lnépection of Figure 20. At spectral dige
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tances beyond oné (half) half width from the center fre-

~quency, the filter transmission variation induced by a

frequéncy shift of 2 cm."-'1 is less than a factor of twe:
The-offfaxis angie_corresponding to a frequency shift

of 2 ':':m':1 is, according to (65);

o < 1.6°
Proceeding as in Chapter IV.C.2., we find that, for a fil-

ter of radius 2 cm, it.1is required that

Frh L o1r

which falls at the location marked. in Figure 19.

E, Filtering through use of a diffraction grating. |

1°. General.

The possibility of using a diffraction grating to
separata_SPatiélly'thé'elastic-and Raman components of the
received signal was considered.

While the nacessary spectral and spatial. resolutions
are readily obtainable in commercxally available gra,ti'ngsg
the secondary diffraction pattern generated by the strong
elastic signal is cbrserved at the same angular position as
-;the prxmary Raman lines, and can iunterfere. An investigas=
tion Ls made here into the magnitude of this problem, and i

intc the design of a grating system which would minimize
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it,
Consider a fully-illuminated grating with N grooves.

The energy diffracted per unit angle is given by Ditchburn

(1963) as
dPi' sinZU sin’NW (66)
— = P
do* L ¥ sinw
where
g
U = (sin®@' =~ sing ) ' (67)
c 0
and
w o= ZXE (sin®' ~ sing ) - (68)
< ' _.

If d =€, as is approximately the case in modern gratings,

then U = W, and

AP, - 2 sin’NU : o :
2;:- = Pi.N --—-z-(m) - i | (69)

If the grating is 'bla.'zed (Jenkins and White, 1957) such
 that the optimum order at ve is K, then (69) becomes '
dp sinzNU'
der . b aun?

s (ur = U - K1) (70)
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We define the "principal maxiﬁum" (p.ﬁ.) as the energy ly~-

ing between the first energy minima to either side of

U=Kw (U' =0), the center of the pattern.

These minima

occur at U' = £ W/N (see Figure 23), and thus the energy

in the principal maximum is

A 1t
N .. ;
dPi dPi de
Pp m = ‘ —rr— del = | e e du-[
sillo |3 . ) ]
_ Y- L Ly dg’ dU
N N
LA
. 2cP.N sin“NUY
- LS —s d(NU?)
7Y d cose? (NUE)S
. e 0

and the energy in some interval, < S

the secondary diffraction pattern is

e U

RO ' S
cP N max sinZNU‘ ( ;
P = i d(NU?
. Sel ﬂfl!d.cose‘ (Nuﬂ}z o
min

2. Constraints on the -order number and free range of the

9

(71)

of

(72)

. grating system,

we require that the free range of the graring system

B
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Figure 23. Patterns due to elastic line and two Raman lines
as generated by a diffraction grating (not to scale).
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be some minimum value, ., So as to insure that the pate

f’
terns due to adjacent orders do not overlap to an extent
that would interfere with observations. Consider an ob-
© servation made at an augle @.. Using (68), we see that the

principal maximum of frequency y% diffracted in order K--

will be observed at this angle if

sin®, - sin@, = —— (73)

similarly, the principal maximum of frequemcy 3V + Vs dif~

fracted in order K+l will be observed at this same angle if

_ _c (K + 1)
ca (Y W)

sin @, = sin 8, (74)

Q

Combiniﬁg (73) and (74), we see that the criteriocn for beth

freqqencies to be observed at the same angular location is
that |

e 75

' This constitutes the maximum usable Qrdér numbey if free
quency )/, is mot to interfere with W _+ l%n The magni-
tude of Vf is determined by the character of the received .

signal and by the additional filtering in the system. For
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instance, if we were certain that the received signal, in-
'cluding- background', extended no farther than 1000 et to
either side of ‘I)e', taken as 14,400 cm"i (6943 K), thén the
- maximum order .number would be 14,400/1000 = 14, Thus, a |

system of this sort must operate in the range

1'-(!(-\{1&

approximately.

' 3. Interfeérence of diffraction due to elastic scattering

‘with that due to Raman scattering.

Suppose that we are interested in observing the princi-
pal maxima due to a group of Raman lines lying in the in-
terval (Ve+'6’h)):'s§ ¥ ( (2 - 'l}e— v ) (see Figure 23),

Ther, ap.ply_ing the grating equation at these frequencles,

we obtaiﬁ
. S cK | ‘ ‘
sin @ - sin@® = . (76)
and
ci

(n

gin 8 -~ sin ®
max © d (2V ~ ¥, &)

Therefore, using (67), we find

: _ | £y . ) .
.y pin K (mv2+ Jv) (?8.)
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and
2V = 2V,~ Ev
Ul = Kw - (79).
max 2V = V=4V

" If the Raman éngrgy'received'is presumed to vary with
bg*-ar through E(h), as given in Figure 18, then the ratio
of primary Raman scattéring to secondary elastic scatter=-

ing in the interval is

.. | Zv-zv &y
'wm( )

2 V" Ve & ’
_ sin NU! aavut)

> - awn?

S5.M. P m J)’ ) - ' .

= = Syt v L ¥ 1 (80)

pomo . PrE (h) . . 0 SiIIZNU'

r ——s d(NU')

x (NU")

~The value of the integral in the dencminator is a conmstant,
approximately equal to 4?!2.
To estimate the values taken on by the integral in the

numefator for a given set of limits, we let
sin®NU' = sin?NU' = F7 /2

.. .and. integrates
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m(z V-2V - SV)

‘v

2 V= Vo

wf' ° ey VT [ ) -

= (81)
2
(NU') arxn dv {2(y-~¥) -8
’I’I’KN(V "'5)’) L 0 ‘e ‘

Thus, the ratio becomes, approximately,
-Psem. P, vV, V2 (}/ Y, ) - §y .
I ind . - (82)
L. P E(R) Y MY o PASTRIEY

r

Where the wavemmber resolution is equal to the quotient, -

HJEIKN (Born and Wolf, 1959). The term,

V2 (V- -y
w2 év 20V Ve) ~8¥

is determined by our prev:!,ously descr;bed requirements s 18
independent of our choice for W, and takes on & value of
| approxmately 1072, The magnitude of the factor P /p E(h} |
is determined by the ratio of the elastic and Raman back=
scatter eross sections and the fraction of the total Raman
enex:-gy ﬁtilized, is also relatively independent of the sys=-
2

'ﬁem parameters and is a'ppfoximately‘equa}. to 1.7 x 10°,

The ratio, Psém-prgn, s s determined by the level of ac=
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curaéy that we wish to achieve in our observation and; for
one percent accuracy, is equal to 10”2. Thus determined,
the required resolution of the grating is found to be ap-
, proximaté1y 0.006 cm-l, a value essentially independent of
the system paraﬁetefs. ”Such a grating, particularly one of
good quality, is exceedingly expensive. It should be re-
membered that, even though a grating is used to separate
the components, filters are stlll mecessary to produce the
desired weighting funcfion.

The reqUired parameters for the grating may be relaxed
somewhat by using a combination of grating and filter to
'produce the re.jecti.on° For Lnstangg, if a filter were em~
.ployed which had a transmission of 10d1'1‘c at '&g, ﬁhen the
: resolutién,of the grating system could be feduced by a

factor of ten.

IR Interference due to grating_ﬂghosts“'

Ths use of a grating presents another pxoblem, one

| whose maaﬁitude is not as readily determined, That is Che
problem of grating ''ghosts" or anomalous diffraction
properties which appear.dua te errors in fullng the grating.
 These patterns also tend to appear in’ the region where the

' Raman 1ines are observed, and vary in lacation and {ntene
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sity from one grating to another.

5. Ccllim&tion reguirements,

In order that we may focus the received rays closely
enough'to allow Chem to pass through the monochrometer
entrance slit, we must impose a constrafint upon the blur
 radius produced by the optical system.

The méximum allowable size of the entrance slit (and
thus, thét of the blur radius) is determined by the spec~
trai resolution that we wish to achieve .in the mnﬁochran
meter exit plane, as well as by the optics comprising the.
inStrumént. | B

Fundaimentally, we reqﬁipe thét the monochrometer be
capable of separating the primary diffraction due to elastic
scatte?ing froﬁ that due to Raman scatteriﬁg. That is, the
diépérsionqu the inétrumgnt must be such that, in the exit
| pléne, the'distancé, £SL, of the Reman~scattered energy
from the elastically scattergd‘energi must be at least as
_great: as the half-width of the entrance slit; The expres;

sion for the 1inear dispersion of a monochrometer may be

written as

al Sl A K (e
HY )Je cos @ S h
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If we parameterize this expression in terms of the blur

radius of the optical system, E' » and solve for the ratio

F /A discussed in Chapter IV.C.2., we find that
FF KN AY

—_— = (84)
4 AL YV, M cos @ '

For an estimate of F A s we suppose first that the
distance, in the exit plane, between the Raman-scattered

and elastic;au}-r s;éatte;ed energy, AL, is equal to the

radius of the focal region, ?, Thét: is, that F/ AL*_"'-" 1.
Further, we assume that the resolut.:i.on, Ve/i(N, is 0.008 cmmlg
compatible with the coﬁtputgtions of .the pr:ew_ri'ous section.
The frequency diffefence between the elastic and Ramen

lines, &)’, is abéut 25 cm..1 and cos @ is not much dif;-

1

ferent from one, _If Ve = 14400 en -, the tuby laser

fre‘quéncy, we find that
¥ . oz
A
This figure is comparable to those obtained when one exa-
mines the constraints on interferemce filters (see Figure 19).
. That is, the constraints on the optical sy?stem utllizing a

diffraction grating are of the same magnitude as those on .
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the system employing aﬁ interference filter.

F. Filtering through use of a FabrymPerot interferometer.

1, General.

According to Jenkins and White (1957), the reflectance
of a Fabry-Perot interferometer varies with wavelength in
the manner shown in Figure 24. Regardless of the magnitude
of R, the reflectiance of the individual interferometer ele=
ment, the reflectance of the interferomater aiways reaches
zero at points sPaced periodically in wavelength space.'

- This is not true in practice, since the reflectance. minimum
is limited by,random scattering from the interferometer
" surfaces, The magnitude of this scattering 15 of the order

of one percent.

2. Constraints on the design of the interfercometer.

We wish to design an interferometer whiéh has refiecf
‘tion éharacteristics sucﬁ that éhe regién of'near—Zerd
_refiectxoa 15 wide enuugh to accomodate a laser line with
a spectral width of about 1 A yet sufficiently nNarrow SO
‘th&t the reflectance in the region about 10 A - 70 A away
from the line is fairly 1arge,

- These requirements lead to selection of A)\ = 80 A

and mirror reflectances of about 25 percent. The thedre~
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tical réflectance curve for such an interferometer, super-
imposed on the rotational Raman spectrum of air, 1s shown
in Figure 25,

Since the free range is large, an interferometer of this
design is not as sensitive to the angle of incident 1ight'as
is a sharp transmission filter. Suppose that the mean in- |
didence angle is five degrees (The angle must be as small
‘as possible, in order to minimize polarization effects).
‘Then, a one degree deviation in this angle will produce a
wavélength.shift of 12 A in the interferometer pattern. |
This is much too large, of course. The sensitivity of an °
interferometer to angular deviation of the incident light
.decrease§_as the angle of the inmcident light decreases,

- The limit is reached when the mean incidence angle is zero
degrees. Supéose that this is the case, and that the bean

~ has a one degree deviation to either side. In that case,

M. - . cos 2] .
)\a coOs 92 o
)\1 cos 1°

Aaamner - I = 0,9%99985

6943 A  cos 0°

1+ ’ o
Therefore, Ay = 6941.95 A or A, Ay =1.054
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Since this is about the maximum spectral deviation that we
can tolerate, it is obvious that our system must operate
at reflection angles very close to zero degrees. Suppose

that the beam is centered at one degree to the normal.

Then,

A1 o COoS ° ‘

——
=

O o
6943 A cos 1%

k o . o
~ A, = 6945.08A or A, ’*1,_;3708 A

This is about the minimum deviation that wé‘can realistical-
ly expect from a beam divergence of one degree. If we de~’
crease the divergence to 0¢5°, then

Ai . cos o

6943 A - cos 1°

\ o " o
A, = 693,76 A or A, - N =0.764

So, if the bzem divergence of the incomingllight is
“lbhé radians, then the maximum ratio between the diameter
of the collecting mirror ana the Fabry-Perot interferometer
is | ]

0.5% / 57.3
-&

=~ 87.3

10
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-Fér an effective interferometér spot 1 cm wide, the maximum
collector diameter ié 87.3 cm (34.4"). For a beam widfh of -
11')'”3 radians, this diameter is only 8.73 cm {3.44").

Suppose that we wish to improve the rejection charac-~
teristics of our system by allowing the beam of 1ight to
pass 2 times througﬁ the interferometer. The geomgtric
aspects of.suéh'a system are shown in Figure 26.

'The effecﬁ of passing the beam through the interfero-
meter 7 times is to produce a new ; overall transmission
function that 1s determined by raisina tha original func-
‘tion'torthe-nth power., This produces a curve whose reJec-
,tion'chargcteristics are greatly enhanced, but whose
»transmission~quﬁlities are mediocre.  Fér example, an
interferometer: whose null reflectance is 10" and whose
"bﬁnd pass' refléctance is 0.6, when used in & 3-pass con-
"_figuration, will theoretically yield a null reflectance bf
.1Q"6 and a "band pass" refleCtaﬁée of 0.22..

Referring to the figure, we see that, in orderito just
separate the incoming and reflected beams, the distance be-

tween the interferometer and the reflecting mirror must be

. H
- 2(0 ~ 8) .

(86)
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where H is the size of the individual spot on the inter-
' ferometer, and that the minimum width of the interferometer
must be
T 4+ ,
w o= |1 + (R-1) (87) -
. 1 - '
L | -
o o .
Ife=%, @=3/4 andH= 0.29 cm, then

alo

sio

«. D = 17-cm.

A
If n = 3, then

W o= 1o45 Clles

'3, Collimation regulrements.

4The value of F/./]ﬁ ' assr.a_c‘iated with an intgrferometer
" of this sort is about 0.004 em, & value much smaller than
those‘computed for the interference filters or diffréctiéq
grating. This is attributable ;o-thé fact that, in-ai
ﬁultipass.érraﬁgement,'it is'necessary~to keep the spoﬁ
slze Qetﬁ{small in order that the tptal size of the iﬁterﬂ
ferdmetef be kept reasonable, and because the individual
spots may"nét overlaps‘ The intérfergnce filters discussed
earlier are really nothing more than & large number of

Fabry-Perot interferometers. in & series or cascade arrange-
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ment. The sharp pattern is notlproduced by multipassing,
and thus a much larger spot siée may be used to obtain a
given interferometex pattern for 8 glven interferometer
size.

It is to be concluded that use of a‘multipass Fabry=- -
Perot interferometer reéults in severe restrictions on the'
optical quality of the total system, and that from this
point of view, the other devices discussed earlier are

nighly preferable.

. _Filter system utilizing selective absorption of

elastically scattered light.

1. Genorala

In view of the high optical quality required in systems
which-attempt to separate, interfercmetrtcally, the strong
‘elastically scattered 1ight from the mich weaker Raman
scattering, an investigation was made of the possibility of’
selecting 8 1aser waveléngﬁh’which.éorresPQnds to an iso~
lated abSOTPtLOﬁ line in som@ substance. A measufad amount
of that substance could then be . introduced along the light
path in tha recelver, thereby absorbing the bulk of the
elastically scattered lxght, and feducing its intensity
to a low enough 1evel that rejection would no ionger be a

problem.
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2. Choice of an absorbing substance.

" In choosing an absorbing substance, the following
factors were considered:

(1) The absorption line should be isolated, with the
nearest gignificant line more than about 150 cmnl'away.

(2) The absorpéion 1ine must be so narrow that it does
not‘cause.significant‘absorptioﬁ at the Raman frequencies.

(3) The absorption line'must be strong enough that
transmission.at its center can be reduced to A<'1O"a times
- that in the wings, using a manageable aﬁbunt of absorbing
material,

(4) The transmission properties of the absorbing
material must bé such that defocussing of light at the
Raman fréquencies (e}g., due to épatial fluctuations in
refractive index) be mihimized.

(5) The chemical properties of the substance must be
‘such that it is‘ﬁot unduly dangérnus of awkward to hqndlé
in the 1é§dratory or in.the fleld..

(6) The savelength of the absorption lipe must 1ia in
the region'hqunded épproximately by C.4 and 0.7 wicrons,

(7) The absorbing substance must not be present in
the atmosghefe in sufficlent quantity to appreciably‘afw

fect the return signél. P
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(8) The (half) half width of the line must be at
least of the order of 1 K in order that it include the
entire spectral exteﬁt of the laser line.

Liquids and solids, by virtue of their large inter-
moleculér forces, have absorption lines which are too broad -
for our purposes. Requirements (2) and (3) thus dictate
the use of a.gaseous‘absorber. The absorption lines of
polyatomic molecules are alwayé sccompanied by a fine
‘Structure;"that'is, by nearby secondary lines. Except in
the case of Hz, a molecule with extremély low mass, these
nearby lines fall within 150 cm L of the primary line, and
thus render polyatomic gases undesirable due to require-
“ment (1). We thus limit our search to monatomic_gaées.
~ Because Ef the strong absorbing properties that we raquire;
we limit.our search to0 the resonance absorption lines of_
these gases. The only elements which_produce-stable mona~ -
tomic gases ét.reasonable temperaﬁuxes, and whose resonance
'absorptiog 1ines lie within the wavelength region given in
requirement (7) are the Grnup'x (alkéli) elements. Of
these, the one that is to be preferred is sodium - (The

‘others are either too reactive, too rare, or both).
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3. Characteristics of the resonance absorption lines of
sodium.,

The Handbook of Chemistry and Physics indicates that

' sodium has two very strong resonance absorption lines at
5890 K and 5896 K. Walsh (1961) givés §Oppler (half) half |
widths of the 5890 A line as observed in flames at ome
atm55phere pressure and flame temperatures of IOOOOK,_
2000°K and SOOOOK. Permer (1968) shows that the Doppler
(half) half width, by, is given by |

% |
b, = C,T : (88)

-

and is {andependent of pressure. Figure 27 shows a curve
of this form fiﬁted,tc the data given by Walsh. Walsh
also‘stafeé that, in a sodium flame, where p = 1 atm and
| T = 2200%K {broadening gas assumed to be Nz), the'pressure
broadening is approximately one half the Dcﬁpler broadeniﬁg,
From Figure 27, then, we determine that et 2200 K,

-1

' bD = 0,116 ¢m ~, Thus, bp 0.058 cm -3 at that’ temperaﬁurag

| Pressure broadPning, according to Penner (1968), varies
according Lo

b = C2 7% R €L

The pressure<broadening'(half){half'width;-bp, deduced from



- 134

C
-
— &
J¢
-
o
=
T L
0
N~
8
tm n
a s 3¢
!
- : . _ O
R S | S S bia s U VT | C

© (,.w0) %q " ¥ 068 10 Ul WAIPOS 4O YIPIM HIDH (IDH ) 191ddog



139

Wal.sh's datzi is pl.otr.:ed as a ftmction of pressure in .‘
.“Figm:e 28 for a cemperatura of 673°K the anticipated

Co temperal:ime of the sodium cell.

‘Flchtbauer and Dinkelackir (1923) studied the shape of
the giercury resmnce 1i'.ne-'as a funct:l.on of the broadening
: ggs' and dengiﬁy.. 'Ii:‘i_l.s to ,'be expectéd' that, sinée,the
resonance in mercu:jr is not as ._intense as 'ﬁhat: in sodium,.
'the mercury 3.-1-._#3‘ is more -r‘eadi.ly. pressure broadened, and
. thus b £or merciity 16 greater then thet for sodium st sny
. 8iven temperature and pressure. - Thus, che results. of
Fuchtbauer and Dinkalacksr for mercury vapor, taken at 300 K,
.provi.de a means of checking the consistency- of t:he resulte
for sodium. Their ﬂgures, reduced to 673° K, are shown for *
-cmnpar;iabnl _in_ ‘Fimare 28, The t:wo sets of .ﬂgu:_.-es are

o tndeed c'émpat!.‘ble , with the val-ué.s of b_ -'for‘mermmy great.

o er than those £or: sodim by e fact:or of about 2.0. Pmb a’
‘_sodi.mn line width of 3 .&, t:hese resu.l.ts 1indicate that. a
‘pressure. of about: 23 atm of Ny'1s required. - If argou is
:used as che broadening gas, the results of Fuchtbauar and

| Dinkelacker for - mercu:y indi.eane tha,t: the zeaults wou].d be

";'about the same. It should be noted her&that, st T = 673°g .

and p = 28 atm, about 94 percent of the tot‘.al line wldth '

18 produced by pressure broadening.
. i
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4, Resonance absot%tion croés section of the sodium moie-
The resonance absorption cross section of sodium was
measured in the 1abofatory, using a Cary* Model 14 Spectfa-
photometer. A sample cell was constructed which gave an

optical path length of about 2.5 cm (see Figure 29). A
small quantity of metallic sodium was introduced into the
cell, and the cell was evacuated and sealed. By means of
a heating coil wound around the cell, the sample temperd-
ture was'increased. The temperature of the céll was |
. measured by means of an iron-constantan thermocouple with

which it was in contact. -

The Handbqbk of Chemistry and Physiés giﬁes the vapor
pressure of sodium corresponding to several temperatures
above 712°K, 1If we assume that the equilibrium between
metallic sodium and its vapof obeys the Clausius~Clapeyron
equation (Hess, 15859), that the“vépor is an ideal gas and
' that the latent heat of vaporization varies_linearly'with

temperature, then

e(Ma)  ma(va) [1 1] M@We)dL T

in = -+ — 1 — (90)
e (Na) R* T T,  R* 4T T,

*Cary Instruments; 2724 South Peck Road, Monrovia, CA 91015»
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High Temperature
Potting Compound *

.Pyrex Glass Envélope |

Thgrmecouple

‘Nichrome
Heating

Wire

Solid Sodium-—

| High 'i'emparaf?uré
Potting Compound®

* Sauereisen Insa~Lute Cement, No, 1,

Figure 29. C{onstruction details of temperature controlled
sodium vapor absorption cell.
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-Using this equation and the data given in the Handbook, we
find that =

L = 4,281 x 10°! ergmgm >

dL L7 ~1 o_=~1

aF = }.94 x 10 erg-gm =K
Thfough use of these values, we may now obtain e(Na) for
any temperature from (96). We obtain the number density of

sodium molecules in gaseous form at each temperature from .

n(ya) = 2i82) | - (o1)
Graphs of e(Na) .versus T and n(Ne) versus T are given in
Figures 30 and 3.

The abéorptian of light passihg through the sampie cell
at Ay = 5890 g and at A= 3896 ‘g., as well as adjacent
wavelengths, was measured for various cell temperatures
through usé of the spectrophotometer. Spectrél.slit width
was set at'O.S_K, corresponding to an anticipated laser
‘bandwidth of:that order of magnitude. Results of these
measurements are shown in Figure 32. The trénémission

through the cell at the center of each line is given by
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Figure 30. Equilibrium'vapor pressure over solid sodium, e(Na),

¢ as computed using data given in the Handbook of Chemistry & Ph#g
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gure 32, Observed transmission at various temperatures
through absorption cell containing sodium vapor in equi~=
librium with solid sodium. .
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-0 nx, - T S ‘
Ta, = © e e S92

-0y ,nx_ ~ T
Ty, = e 2 ¢ l° (93)

The transmission at some wavelength, A,, away from the

{nfluence of the two lines is given by
T).Bw e ‘ _ (94)

Through use of the third of these equations, we méy elimi~

nate the unknown quantity 72, from the other two, with the

resulc:
o, = L 23 (95
AT T )
1. T
G.AZ == Rammane ]_n ............:?. 7 (96)
ot T AZ

Results.qf the computations, shown iu.Table-ll and in
'Eigufes 33 and 34, indicate that the absorption cross sec=
tions vary somewhat with temnerature (pressure). This is
attribu;ablé'to resonance effects as described by

‘Fabelinskii (1968) for mercury vapor and other gases at

-



Table 11. Parameters of the absorption lines of sodiwm vapor at 5890 L am 5896 A, amd factors used

in their compu'bétion.

— (full) | (full) |
o e(Na} frc}:m n i‘:z‘cm) . ﬁh;li hglti éommx(xte%) . ;_'omp?t )
T(“K} | Ean (90 Egn (1) | T Ty | T Ty * th | wi 3, (cm ch
(ment?) | Gat) | M| R ) N G® [a®] &
_ > 12 : T 15
479 |48 x 1071 [7.3 x 10 °|0.557 }0.590 {0.565 {0.590] 1.05 |0.975 | 3.0 21077 |2.5 x 10
o2 1672109 [9.0x10'3]0.503 | 0.568 [0.523 Jo.sm1 | 1.3 [1.09 |54 21076 3.7 x 10716
s82 2.8 x10" |3.52 10" |ous|o.572 |odss jos] 1.ah |1 | 3.7 21070 2.6 x 1071
| - -1

629 11.5 %10 2 1.7x% 1015 0.181 | 0.517 10.279 10.533( 1.58 |1.65 2.5 x 10 16 1.6 x 10 6
| g )

6 15.2x102 {5.6x 10 |0.119 | 0.436 | 0.225 128 [1.58 |93 %10 15.0x 1077

0.450

¥ Transmisgsion outside of the absorption lines appeared to have a slight tendency to increase with

increasing wavelength {see:Figure 32). To compensate for this, eeparate off-line transwission

values were extracted for each line.

81
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Figure 33. Computed absorption cross sections for the
two resonance absorption lines of sodium vapor,
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low pressures.
For large optical thicknesses, we may neglect ‘2; and

write, for the center of the strounger absorption line:

1

X = -

e in TAI (97)

Gayn
Pigure 34 shows the required péth lengths for various
combinations of center transmission and cell temperature,
as obtained thrcugh use of this equation and the values of
311 and n that were &etermined experimentally. The re-
quired path length reaches a minimumn near“GSOOK, since it °
depends on the quan;ci.ty, 1/ § AP which is a minimm at
that temperatuxe. |

Aside from the advantage of a relatively small cell |
size, we would prefer to Operate our cell near this tempera-
ture ﬁecause in this region, cell absorptioﬁ is relatively
insensitive to small. fluctuations in cell temperature.
Suppose that we decide to operate the cell at 650°K, with
a minimum transmission value of 10°-. The required path

length is 20 cm.

5. Materials for.construction of the cell.,

‘Having determined the size of the‘absorption cell and
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the regions of temperature and pressure in which it is to
operate, a search was conducted for materials that could
possibly be used in its construction.

Three samples of special alkali-resistant glaés
(Types 1720, 1723 and 1915) were obtained from the Cornihg
Glass Works* and were baked for about 70 hours at 650°K in
a sealed chanber cbntaining sodium. In 2ll cases, a brown
'coloration, as well as severe etching of the surfaces was
observed, rendering the glass totally unsatisfactory from
an optical standpoint. |

The Westinghouse Electric Corporation¥*, a ﬁanufacﬁur-'
er of sodium vapor street lamps, was consulted. They
- stated that, while the glass used in street lamps is
translucent, it cannot be made transparent. They suggested,
'however, that perhaps sapphire might fulfill our require~
ments, Sapphire is a hard, inert substance ‘that is trans-
parent to yellow light,

Tyco Laboratories*** a manufacturer of industrial
\sépphire material was contacted. It was determined that

they éo not, at this time, manufacture optical quality

% Mr, Robert. Tichane, Corning Glass Works, Corning, NY 14830.

%% Mr. R.D, HutchinSOn, WEstinghouse Electric Lamp Division,
Bloomfileld, NJ.

***Tyco Saphikon Division, i6 Hickory Drive, waltham, Mass 021
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sapphire in pieces large enough for the desired purpose.

6, Conclusions.

It has been concluded that, while the use of a sodium
k absorption ceil to éelectiveiy attenuate light at the
transmitted freﬁuehcy hasrmerit,'it is not feasible to
implement such a systém at this time, due to the tempera=
.tures and pressurés involved, as well as the high chemical
: activity of sodium. Pgrhaps with the development of
tunable_lasérs which operate efficlently with a narrowex
spectral output,.it will;not'be necessary to broaden the
sodium line as much, thereby increasing the practicability
of a-system of this sort.. H

Use of an'absorétion type filter is particularly ap=-
pealing in that it all but does away with the stringent
-'opticai collimation requirements inherent in all inter=

. ferometric devices.
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. Chapter V.

SIGNAL TO NOISE RATIOS

List of Symbols

Effective collection area of recelver (cmz).
Speed—Of Light'(cm—secfl}.

Fraction of available Raman energy used by filter
with (half) half widch, h,

Filter' (half) half width (em® '),

Relative. baclkground current received in Raman .
cliavnel..

Relative signal current recelved in Raman channel,

System constant.

‘Number of laser pulses per observation.

Numbar den;itj~of air (N and 02) molecules (cmfa),
Electronic charge (coul).

Re5ponsivity of photomultiplier tube (mAwW ).
Background radiance [.wbcm -(em- )r 7ster-{] o

Transmission of filter at center of its tvansmission
Cum [

YTransmission at frequency ¥ of filter centered

at Vs with (half) half width, h.

Atmospheric transmission - molecular component.
Atmospheric transmission - particulate compomnent.
Tranémitted énergy (3. |

Height (em), .



Frequency at
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Bandwidth of signal processing apparatus (seénl).'
Wavelength ().
Frequency (cm-l).

Yhich filter traﬁsmission curve 1s

-

centered (cm ).
Signal to noise ratio,

EffactiVE_§aman backscatter cross section of air
{(cm“~ster ). : ‘

" Receiver acceptance augle (ster).
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A. Absolute signal to noise ratios at 0.74.,

In Equations (2) through (4), it was shown that the
signal current received in the Raman channel of a mono-
- static pulsed lidar system may be written as

i (h,2) = k60T, T | (98)

The system constant k.  is given by

' W._A RcE(h)T ‘
kr' - Ly > < (99) -
2z .

In the following discussion, T, will be assumed to be in-

depeﬂdent of the type of filter empldyed. This is approxi-.

mately true for.relétivaly Eroad filters. For very narrow

';filters,.tﬁe attainable center transmission can be expected_,
to decrease somewhat with decgeasiﬁg width. -
The current received due to background radiance ié

‘ 2 ‘
ib(h-) = %ZRArﬂ.Tc ST',,(h,yc)d(V-Vc) | (100)

~o0

For a Gaussian filter functionm,

B AVIRVAN
T (h,h&) = e. -

“n
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and
® €% v -w\?2
c 5
""(ln 2) f "l'f
Ty(h, vc)d(v -z,::) = le = h—— (102)
0 . : In 2 ,
N - : . ] ~00
Thus,
1,(h) = "JZRA Qr h[ (103)
] 1n g;

If both the signal and background levels were of constant
intensity, tﬁe observation would be noise-free, in that the
constant bacngOund could be precisely détermined by monitor-
ing the turrent received with the laser not in operation, énd
subtracted out during the computations. In réality, both the
signal and background levels are subject to random statistlcal
fluctuations about their mean values, even though the means
themselves may be constant. If we treat the arrivéls of
photons as rare events, then we may apply Polsson statistics
and &ssuma that the RMS fluctuation in the number of photons
received by a receiver with bandwidth Af is equal to the
square root of the mean number received. It is this random
fluctuation about the mean which constitutes the noise.

Thus, the signal to noise ratio is given by

1, (h,2) |
e (h,2) = > = (104)

%Fl Af [is(h,z) + ib(hj_
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We can evaluate f)(h,z} approximately by considering a

model atmosphere and a typical laser radar system. We

choose number densities given in the U. S. Standard Atmos-

phere, 1952, and the fbllowing system parameters:

A = 0.6943.44
W, = 0,217
Ar = 1,3 x 103 cm2 (16" diameter)
o ‘:."’ 2 _
(Jme} = 0.6
¢ am” = 2,06 :-:..1(}'"30 cmz.-ster-
}}3*’ ~30 2 -1
ORam 2.85 x 10 cm =ster
H;;:J.. [!.
Lz = 2 % 10 cm (0.2 km)
Af = 1,0 X 106 secnl
¢ = '004‘.
R © = 35 ma-i
- | ~15 ~2 . =l =l -1
.jiNight $.66 x 10 W=cm “=(cm ~) “~ster
‘ﬁinay = 9,66 x 1070 chmfzﬂ(cmﬁl)_l-ster";
N = 1(}“m6 ster

In the above discussion we have assumed that, in collecting
the signal and background photons, the laser is fired only
‘once. $ignal to noise ratios may be improved somewhat by
averaging over a number of laser pulses, if the pulses are’
sequénced in such a way that

| 1) consecutive pulses ére sufficlently far aparf that

the fluctuations about the means are independent for each |
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pulse, and

2) the total timerperiod involved in taking the
observation is short enough for the mean value to be considerec
as stationary.

When the above requirements are met, the signal to noise
ratio increases as N%, Clearly, the times involved in 1) and
2) above depend upon the temporal, spatial and specftal scales
of the observation

For the sake of simplicity, and due to the fact that
one hundred pulses are required to produce a factor of ten
increase in the signal to moise ratio, we shall pursue our
.analysis with the assumption of a sihgle pulse observation.’

Results of.the computations, shown in Figures 35 and 36,
indicate that, for nighttima work, the signal to noise ratio
1s shothoise limited; that is, |

| | 1y < ts :
and thus, the signal to noise ratios are proportional to
W/Ezgsa Since

“1im E{h) = 1
h =» O

ghis dependence results in a slow increase in .e at
moderate half'ﬁidchs, reaching an asymptotic value for large
widths,

For daytime work, ig and ib are of the same order of

magnitude at low altitudes, with ib predominétiﬁg'éver:is
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at greater heights. In the background~-limited case, when
iy .>> is

the signal to noise ratios are proportional to E(h) /R .
Here, if E(h) increases more rapidly with h than does'VE:,:

. the signal to noise fatio inéreases with increasing h.
If E(h) increasés less rapidly with h than does\fﬁ-, then
the signal to noise ratio decreases with increasing h. For
purposes of analysis, we wlsh to locate the point which
gives the optimum signal to noise ratio for a background-

limited signal; that is, the point where

.4 EMm] S (
=lFEr e (105
~an (VR | )

or T
d E(h) |
T B(h) = ko . (106)
dh h

Fo? both the 0- and S~branches, this point lies neay
h =50 cn ~, For signal to noise ratios falling between
| the backgyound—liﬁited and shot-noise limited values, the
lopfimUm half widths aré.shifted‘toward larger values,

For the systeﬁ parameters assumed-here, the optimum
‘half width falls at some value greatef than 70 cmml, but
the-signal to naise ratio does not.déﬁeriorate signifiéanté

ly as long as h igs éreater than about 30 cﬁ"l.
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B. Determination of wavelength of optimun signal to nolse .

ratio.
A computalio was .ade of ﬁignal to nise ratlo as a

: function‘of waveliength (dayéime operation), with a view
toward finding.the bptimum wavelength regicn in which to
opsrate, and te determine the penalty paid for operating
away from that wavel2ogth.

v Table 12 shrws tha-magnitude of each ofythe wavelength-
dependent variables affecting the sigﬁal Tevels, reiative
o thelr magnitudes at 0.744 , in the varge 0.34 { A€ 076
and T351e113 shewe the waviation of background level, ibg Wit
wavalength,' he signal ievel, is, is also a functiop of
iizz, so the 9p££mum wavelength may aisq be expected to be
& fuacti;n of heizhi.

ReiaéiQe sigual to noisc verics derived usfag these
data, togetbér with the computatlons of the previcus gchap=
cevs, are stow in Figure 37, The ratios are shown to be

- opicimeily large nesr about 0,4547, bu: the ratios are
shown to wary by Lesg‘than a2 factc: of three betweeii 0,35/

and D74l
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Figure 37. Relative signal to noise ratios for various heigh
showing the effect of varying the laser wavelength.
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Table 12, Magnitude (relative to that at 0.7 ) of each of

the wavelength-dependent variables affecting the signal

level, 1 .
s

2 i
J R s -
| | AR , | (Erodict of
b Elterman | After RCA : p Eour &
(1968) |Corp. (1970) columns)
0.3 [29. |7.6x 107 1,09 0.10 | 2.5 x 1072
0.4 | 9.4 o0.43 1.78 0.25 1.8
015 3.8 . 00?2 1.55 0050 2.1
0.6 1.9 0.83 1.36 0.75 1.6
0.7 | 1.0| 1.0 1.00 1.0 1.0

Table 13. Magnitude (relative to that at 0.74) of each of

the wavelength~dependent variables affecting the back~

ground level, ipe -

A ) | R 15 |
After RCA . (Product of ‘preceding
Corp. (1970) two columms)
G.3 0.14 1.09 0.15
: 0'4 0l 28 . 1'?8 0.50
0.5 0.46 1.55 0.71
0,6 0.69 1,36 0.94
0.7 | t.0 1,00 1.0
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Chapter VI.

CONCLUSIONS

The conclusions to be drawn from this reseaéch'may be‘
divided into two parts: those pertaining to the theoreti~
cal aspects of the technique and those pertaining to its
practical application, |

It has been shown that the rotational Raman spectrum
of iight sé;ttéréé fro% air contains regions in which the
effects of both temperature and particulate content are
negligible, This fact is of importance not only for tﬁa
present stud&; where it is desired to extractlturbidity
data from the eiéstic scattering, but may also be helpful
to investigators such as Salzman, et.al. (1971), who are
rattempting to utilize the temperaturewsensitive portioﬁs |
of the rotational Raman spectrum of air to obtein remote
‘temperature soundings. )

It has been establishedrhera that particulate effects
are negligible at &880‘3, the operational wavelength of
- the Raman sPectrophotometef. It is quite possible, how~
ever, that off-frequency scattering from particulates could
become significantly large at shorter wavelengths, where

. resonance Scattering and flourescence become important. It
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is well known that resbnanée scattering and fluorescence
cross sections may be orders of magnitude greater than
those diédussed here., 1In any case, it was shown in this
study that wavelengths below about 4500 E are not desirs
able‘fo; turbidity measurements because of the large rate
of change of atmOSphéric transmission with wavelength.
However, this caveat should be borne in mind by any in-
vestigator contemplating the extension of these results
into the blue or uitravinlet portion of the spectrum.

With the attainability im recent years of high resolu-
tion, low nolse rotational RamanISpectra; the rotational -
‘Raman spectrum has been routinely observed and, indeed, is
even used in thé alignment 6f Raman spectrophotometers,

By utiliéiﬁg some of these observations, an attempt was made

- in this study to check for consistency the polarizability
anisotroples for Nz'and 02 obtained by earlier'investigatorso
While there is still some doubﬁ'aé to the absolute values of
the anisotroples, it cam at least be said that the valués for

ﬁé and 0, obtained by Bridgé and Buckingham (1966) are

2
correct relative to each other,

Investigation of the practical applicability of this re-
mate-éensinglsystem reduced primarily to the déveloPmant of

8 technigue for spectrally and spatially separating the



168

Raman scattering from the much 5£ronger elastic scattering.
This phase of the study gave the author considerable in-
sight into the problems involved in optical signal prbces~ '
| sing. Mést importantly, the computations rvevealed (to the
author, at least) the basic unity of all interferometiic
systems: the problém of focussing rays of light through a
slit on to the face of a diffraction grating is transformed
to a problem of similar difficulty if one decides instead
to collimate the rays and use an interference filter,

It was ascertained that the rigid fequirements for an
interferometric systém could be relaxed somewhat 1f an
absotption cell could be used to preattenuate the elastical-
1y~scat£ered 1ight. Such a cell, if it were {0 be effective,
however, wogld present construction problems distinct frcm,
‘but perhaps more difficult than those encountered in an
interferometric system, |

All told it appears that, although a suitable filter
A éystem is wfthin-the.realm of poss;bility today, the present.
state of-the'art makeé such a system expensive and/or inefé ‘
ficient’ Despite these inefflciencies, it is found that a
| typical 1dser radar system can produce daytime signal to

noise.ratios of the order of 10 db to heights of at least
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5 km. For nighttime work, 10 db signal to noise ratios

are achievable to heights of at least 15 km,
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Appendix

1. COMPUTATION OF THE RATIO 3’2(}12)/ 52(02) FROM OBSERVED
DATA. . '
Thé intensities of individual nitrogen and oxygen rota=

tional Raman lines, relative to a common datum level, are

given by
' ' I, (Nz} ]
Iy{Nz) = ITot(NZ) + 2 (107)
LRCA
(0.,) 1, 0 I o) + 2 (108)
Iy (©y) = Tot'C2? *
) __ITot':(OQ)_J

where Z is the zero displacement of the scale. If we recog-

nize that inteasities are proportiocnal to nh'z,- then we

may wrile
Iy(N,) = Lo Kn(;ﬂz) g (Nz)_ + Z ~{109)
- MITut(N2)~’ N ‘ -
R Ff-y“(’ﬂ,,) 'l _ '2 o .
Ly (0)) =—| En(0,) & “(0,) + Z {110)
_ . n_ITot(Rz)“ |

Thus, if we plot a graph of Iy (NZ)’ the intensities
extracted from the results of Miller, et.al. (1968), versus

E:VQIZ) /ITOC(NZ)]‘ , the resulting curve shquld be a strai.ght‘
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line, with slope proportiondl to
Kn(N,) ¥ 2(8.)
2 2
The analogous graph for 02 has a slope proportional to
Kn(0,) ¥ %(0,)
2 2

The constant of proportionality, K, is of course, the

same for both curves, as is the intercept point with

" the coordinatelaxis (the zero displacement of the scale).
The two curves plotted in this manner are shown in Figure‘
38, together with the best fit étraight lines through the
points. _

It should befnotgd.that I;;/ITot'is a function of
.-temperaﬁufe. According to Miller (1970), their experiment
- was conducted at, or slightly above room temperature, but
no attempt was made to measure the temperature. Graphs
warguélotteﬁ for'Séveral tempatatﬁres, and the best straight
.1ine fits'were obtainéd for T = 287%.

Tha'qugtiant of the‘two slopes.was found to be

v 2/,
n(uz)h’i(ﬂz)
n(oz) 3 (02)_'

= 1.496
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Figure 38, Intensities of lines in the rotatiqnal_Raﬁan spectra of N, and 0, in air,
as observed by Miller, etsal. (1968), versus intensities computed ifi Chaptér III. .
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2 ., TESTING OF THE INTERFERENCE FILTER.

" It is desired to determine whéther the interference
filter for the Raman channel Eaé-a transmission of
10™* to 10™° as specified by the manufacturer. Fur~
thermore, it is desired to examine'the sensitivity of
this transmission value to the angle of the 1ncideﬁt
light.

An optical system was constructed to determine the
filter parameterskat 6943 R for a range of incidence
angles néar zZero degrégs., A schematiq diagram of the
device is shown in Figure 39} The mirror M, actually an
unsilvered plece of glass, has a low reflectance, and is
used-to direcé a smallrpercentage of the lésér ocubput
into the test apparatus. The lens combination Ll and L2
was chosen to producas

1., A collimated bzam of light with a diametgr about
equal to that of the interferenCe-filter {one inch),

2. A sensitivity oﬁ‘the degree of collimation tolthe
lccation.qf 15° That is; it was desired to vary the beam
width of the light striking the filter from about one |
degree of convergence through about one degree of divergence,

3. A spot of light nearly comstant in size at the

- location of F, the interference filter, regardless of the
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Figmre 39. Scaematic dfagram of device cm meted to
" test transmiasion characteristxcu of interference
filt‘er..‘ . _ o
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location of L2

L3 is used to concentrate the light transmltted through
the interference filter on to a cadmium sulfide photocell P.
The iris diaphragm, I, is used to adjust the size of the
spot. |

The lens L2 1s located cn a vernier mount which allows its
position along the optical axis to be adjusted over about
£7.5 cm from its mean position. The interference filter; Fs
ig mounted in such a way that it can be £ilted up and down
and from side to side.

The entire apparatus is enclosed in a ligﬁtproof box,
which is painted on the inside with flat black péint to mini-
mize diffuse reflectlon. ‘ '

The dev@ce is designed so tﬁat the interfeﬁencé filter,
.-F, can readily be removed'aﬁd replaced by broad band absorp=
tion type filters whose transmissions ave known, and which
lie in the same range as that of the interference filter.

Caliﬁration of the system and testing for photocell |
linearity was accomplished by measuring thé photocell out~-
put with £ilter combinations as shown in Table 14 and in
Figure 40. |

Calibration of the vernier mount supporting the filter

,consisted of replacing the filter, F, with a plane mirvor,
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Figure 40. Results of test for 1in9ariry of photocell output
when operating in the conflguratlon shown if Figure 38.
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and applying trigonometry to the location of the reflected
light to obtain the mirror angle, Results of these measure=
ments ére shown in Figurwes 41 and 42,

Figure 43 shows resulting transmitted intensities obtained:
when the interference filter was mounted at various vernier
settings. Transmitted intensity through a neutral density
filter with a transmittance of 2 x 10_5 is shown forrcomparim
- son, Savéral pulses of the laser are recorded for each
.settlng in order that a suitabdle average reading could be
obtained, The variability from pulse to pulse is attrlbutablc
to the laser, the output of which fluctuates considerably,

?igure 44 shows the ave;age ;nténsity values plotted
against éhé vernier (angular) setting. Whea the filtex i1s
0ptiﬁally tilted (at some angle very close to zero éegreesj,
transmittances as 1ow as about 3 X 10“5 are attain&b?e,

For off-angle radiation, the transmittance rapidly increases,
reaching nearly 2 X 10"4 for inci&encg angles cf less than

one degree.

e
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FILTER ELEVATION ANGLE ( DEGREES)

-7 i 1 | 1 ! !
o 2 3 .4 5 &
- VERMIER SETTING

Figure 41. Calibration curve for vernier cont“olllng the elen
angle of the interference filter mountlng assembly.,
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FILTER AZIMUTH ANGLE (DEGREES)
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Figu,re 42, Callbration curve for vernier controlling. the azimuth
~ angle of the interference filt'er mounting assembly.
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Figure 43. Ohserved photocell outpub values for lighit: passing
through neutral density filters of krown transmission and thre
the interference filter at various azimuth angles,
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Neutrc! Density Fiiters: T=2.22 x 10"%
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Intensity values of Figure 43, plotted against incid

~angle deduced from vernier setting. Relative transmittance of
the neutral demsity filteérs is. shown J.or comparison,



